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Abstract
Lightweight ceramic armour is desirable to reduce mass of armoured vehicles. 
Alumina and silicon carbide are the two most frequently used ceramics and they are 
incorporated into the system using adhesive bonding technology, which historically 
has proved problematic. Thus, in this work, a range of surface treatments have 
been investigated with the aim of increasing the strength of the bond between 
alumina or silicon carbide and a toughened epoxy adhesive, in ballistic applications.
Three surface conditions for each ceramic have been characterised; as-fired and 
laser processed samples as well as grit blasted alumina and refired silicon carbide. 
Physical and chemical changes to the surface were investigated using scanning 
electron microscopy, profilometry, energy dispersive x-ray spectroscopy, x-ray 
photoelectron spectroscopy and the sessile drop technique.
After grit blasting alumina it was found that the surface had been contaminated. For 
silicon carbide it was observed after refiring that the surface was oxidised. It was 
found after laser processing alumina and silicon carbide that the treated surfaces 
had a greater concentration of hydroxyl groups and for the silicon carbide surface it 
was found also to have been oxidised. These chemical changes were tentatively 
linked to the improved wettability and more specifically, the increased polar 
component of the surface energy. These surfaces demonstrated the greatest 
improvements in bond strength in comparison to the as-fired, grit blasted and refired 
samples.
Ballistic tests were performed on a range of processed alumina and silicon carbide 
tiles. The results were consistent with the predictions made on the basis of the 
quasi-static testing, in that the damage to the laser processed tiles resulted in less 
debonding and hence better ballistic performance than the control samples. Thus, 
this study has shown that the laser processing of the ceramic surface has the 
potential to improve the performance of ceramic armour systems.
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Introduction
1 Introduction
1.1 Overview
The reduction in vehicle mass has become a focus of future requirements for 
fighting vehicles. This requirement is driven by the UK and US governments as they 
consider future vehicles need to be transported rapidly to a battlefield but should still 
be able to withstand the threats posed. This presents an issue as current lightly 
armoured vehicles have been transported using aircraft, but the heavier armoured 
personnel carriers cannot use this method because they exceed mass limits. 
Consequentially lighter vehicles, which do not compromise protection, are required
Armoured vehicles can be loaded onto ships, trucks and trains to be deployed on to 
the battlefield. The speed of these transport options is limited and there are 
associated logistical issues. A partial resolution to this is to transport these vehicles 
by air. However this presents further problems. An infantry fighting vehicle such as 
the United Kingdom’s Warrior has a mass of 26 tonnes. This vehicle has an 
aluminium structure and additional appliqué armour is added to this. The Lockheed 
Martin C130 transport aircraft has been identified by the US Department of Defence 
as an aircraft suitable for air transporting vehicles and it puts a restriction on the 
vehicle mass of 19 tonnes. Mass savings are therefore required if vehicles such as 
infantry fighting vehicles are to be deployed using aircraft such as the C130, 
(Gardels, 2007).
The typical mass distribution of an armoured vehicle is 50% armour and 20% 
structure. The remaining mass comprises the equipment, weapons, ammunition, 
drive train and the engine. Thus by reducing the mass of the armour, it may lead to 
further reduction of the mass of the supporting structure, drive train and engine. This 
additional benefit means focusing mass reduction to the armour is attractive and 
necessary to defeat modern threats. (Gardels, 2007, Hazell, 2006, Galvez and 
Paradela, 2009)
Ceramic based armour systems are used in armoured vehicles. These systems are 
lighter than previous steel or aluminium based systems whilst also able to withstand 
greater threats (i.e. ballistic impacts of higher kinetic energy). Alumina and silicon 
carbide are commonly used and they are typically adhesively bonded to a backing 
which acts as an energy absorbing layer. Polyurethane or epoxy can be used to 
bond each layer. Epoxy presents the optimal solution at the present time for armour 
due to its improved shock transmittance from the ceramic to the backing during an 
impact from a projectile. The higher strength of epoxy adhesives also presents an 
advantage as the adhesive is able to withstand greater loads. A problem arises from 
the ceramic to epoxy interface, where it has been found the joint is weakest due to 
low bond strengths. Thus, the aim of this research is to improve the adhesive bond 
strength of a ceramic joint for armour applications
1.2 Structure of Thesis
This thesis begins by introducing the area of ceramic armour for vehicles and then 
focuses on the area of adhesive bonding of ceramic armour systems. The literature 
outlines the area of modern armoured vehicles and the direction of the market 
towards lighter vehicles. This leads to the adhesive bonding of alumina and silicon
1
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carbide and the current issues for these materials. The topic of adhesive bonding is 
also considered to understand the fundamentals of bonding epoxy to alumina and 
silicon carbide. The literature of surface preparation techniques has been identified 
in order to find potential processes to apply to alumina and silicon carbide with the 
aim of improving the adhesive bond strength.
The materials and methods chapter covers the details of the alumina, silicon 
carbide, epoxy and the techniques used to characterise these. The characterisation 
techniques were used to observe the morphological and chemical changes to the 
surface as a result of the processing techniques. The strength of static joints has 
been assessed and ballistic testing has been undertaken. Post failure analysis of 
the joints has been used to determine the failure locus. A relationship between the 
outcome of these tests and the observations made from the characterisation has 
been discussed.
-Chapter 2-
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2 Literature Review
2.1 Introduction
This chapter is a review of the literature related to the area of lightweight armoured 
vehicles and armour systems with a focus on ceramic based armour. It starts with 
an overview of armoured vehicles and the concepts behind existing designs. With 
consideration for the requirements for lighter vehicles, increased use of ceramic 
based armour has already begun. The performance benefits and issues surrounding 
this armour are also discussed. The literature review identifies where research is 
required in order to find a method of improving the adhesive bond strength of 
ceramic materials that will directly benefit the area of ceramic armour and lead to 
the reduction in mass of armoured vehicles.
2.2 An Overview of Armoured Vehicles
Vehicles used by the military have an extensive history. The vehicles relevant to 
today’s warfare are motorised and typically armoured. The armour has traditionally 
been a metal such as steel and even today this material features prominently in 
some vehicles. The main purpose of armour is to protect the occupants, the 
equipment, drive-train and weapons. It may also provide a structural support for the 
vehicle.
Vehicles are utilised by the military for transport, offensive and defensive roles. 
Whilst many vehicles have a single role, modern vehicles have been developed to 
be more versatile and are able to carry out multiple roles with little modification.
Armoured vehicles have recently been operating in Afghanistan and Iraq. It was 
found that in the initial battles the vehicles were not adequately armoured against 
the range of threats. A particular problem was the concentration of the armour at the 
front of the vehicle which left other areas vulnerable. This was based on the 
probability of attack at various locations developed from the Whittaker model, shown 
in Figure 2-1.
IV
Segments of 45°
Segment Probability of 
attack in segment
I 0.3406
II 0.1996
in 0.0823
IV 0.0425
V 0.0108
VI 0.0425
v n 0.0823
v m 0.1996
Figure 2-1 The Whitiakermodel o f likely impact locations on a vehicle, (after Hazell, 2006).
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The Whittaker model was developed during World War 2 and applied to vehicles in 
subsequent battles. The type of warfare for which this armour positioning was 
engineered for was vehicles attacking positions with the front of the vehicle facing 
the threat. In recent warfare it was found an attack may come from any direction; 
the location of the threat may be unknown and the attacker may also attempt to 
exploit the weaknesses of the vehicle such as the roof. This tactic was experienced 
particularly in towns. To protect from this threat is difficult because it is necessary to 
armour all sides of the vehicle which increases the mass which in turn inhibits the 
load carrying capacity and manoeuvrability. Further, the increased mass may not be 
within the design capability of the vehicle. Lighter armour can provide all round 
protection without increasing mass of the vehicle. Ceramic armour is lighter and 
more effective against kinetic energy threats than steel and aluminium armour 
systems (Hazell, 2006). The disadvantage is the cost of the system. However this 
has not stopped the use of ceramic armour systems and they feature prominently 
now on the majority of vehicles. Figure 2-2 shows how armour has developed over 
the years. Ceramic armour systems provide high performance with low mass as 
shown in Figure 2-3. The mass efficiency of ceramic armour systems is superior to 
those based on steel. The ceramic system utilises a backing to absorb energy and 
using composite materials such as aramid fibre reinforced polymer can improve the 
mass efficiency further. (Hazell, 2006)
MonoliMc 
hardened steel plate 
used in tanks
Improved 
processing of 
steel and 
aluminiuni alloys 
for armour 
applications
Ceramics and 
composite 
materials used in 
tank armour
Titanium alloys 
used in tank
—C
Invention of dual 
hardness armour
Imentionof S ÎA
Transparent ceramics 
developed for armour 
applications
Ceramics used in body armour
Vei}" thick steel used 
for protection
1900 1920 1940 1960 1980 2000
Figure 2-2 The history o f armour development, (after Hazell, 2006).
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2 0 0 p*—
150-
I
100-
<  50
"mild steel
-armour steel (Compass 555)
—alunima (Sintox FA) /  aluminium (7017) 
alumina (Sintox FA) / aramid composite
silicon carbide / 
aramid composite
boron carbide /  aramid composite
0 2 4 6 8 10 12 14
Approximate cost relative to armour steel (Compass B555)
Figure 2-3 The areal density and relative cost o f an armour system capable of defeating a 
7.62 mm North Atlantic Treaty Organisation (NATO) armour piercing (AP) projectile, (after 
Hazell, 2006).
The use of lighter armour has additional benefits. Higher threat levels can be 
defended against without increasing the mass of the vehicle over the previous 
metallic armoured vehicles. This has meant that the use of ceramic armour systems 
has been on heavily armoured vehicles, where the performance benefit with low 
mass is necessary to increase the threat protection. These vehicles could not be 
protected with all metallic armour systems because the mass would be far too great. 
For lighter vehicles it has been satisfactory to use metallic armour systems because 
these vehicles are expected to protect against a range of small threats, such as 
pistols and rifles. The main drive towards lighter vehicles is a result of the need for 
greater speed of transportability in the battlefield.
2.3 Ceramic Materials for Armour Applications
Ceramics are used in armour applications because they are resistant to penetration 
by projectiles. The most commonly used are alumina, boron carbide and silicon 
carbide (Galvez and Paradela, 2009). The arrangement of the armour system is to 
place the ceramic layer towards the front followed by another layer to absorb the 
impact energy. Additional layers may also be added to the front for environmental 
protection or additional ballistic requirements. Figure 2-4 shows a schematic 
diagram of the cross-section of a simple armour system.
■ Front layer 
Ceramic layer 
Adhesive 
■Backing
Figure 2-4 A schematic diagram o f the layers in a simple ceramic based armour system.
Ceramics are used in armour because they have very high hardness and low 
density in comparison to metals. It is these properties that make them attractive as 
an armour material. High hardness means penetrating the armour is difficult. A 
ballistic impact into armour is a highly complex process. A generic and simplified
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account of this process is that during a ballistic impact the projectile is eroded and 
breaks up on the surface of the ceramic reducing its penetrating capability. The 
ceramic may also be eroded and fractured. The process of the ceramic failure 
begins with a Hertzian crack forming at the surface of the ceramic and this grows to 
create a cone of material than can be displaced from the rest of the ceramic tile 
(Franco and Roberts, 2004). This ceramic cone continues to resist the penetration 
of the projectile. The projectile erodes the ceramic and itself. The displaced cone 
deforms the backing material and the kinetic energy is absorbed in this process. 
The time between the impact of the projectile and the failure of the ceramic creating 
the cone is known as the dwell period. (Chocron Benloulo and Sanchez-Galvez, 
1998)
Eroded Projectile
J ’lastic Zone
Ceramic
Figure 2-5 Schematic diagram showing the formation o f the cone within the ceramic layer, 
(after Chocron Benloulo and Sânchez-Gàlvez, 1998).
Ceramic
Figure 2-6 Schematic diagram showing how the cone is eroded and also pushed into the 
backing, (after Chocron Benloulo and Sànchez-Gàlvez, 1998).
When a projectile impacts the ceramic a shockwave travels through the material 
and is reflected from the ceramic/adhesive interface. The shockwave initially 
compresses the ceramic material but then creates a tensile stress when it is 
reflected back towards the front surface. The continuing pulverisation of the 
projectile into the ceramic continues to compress the ceramic. This results in a 
difference between a tensile stress and compressive stress in the material. It is the 
tensile stress that results in the ceramic failure and the compressed area is 
contained in the conoid. Figure 2-7. This is influenced by the shockwave transfer 
from the ceramic to the adhesive layer which will then transfer to the backing. 
(Zaera et al., 2000)
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Figure 2-7 A schematic diagram o f a Hertzian load showing the compressive and tensile 
areas in the ceramic target, (after Franco and Roberts 2004).
The resulting fragmentation of the ceramic is known to reduce the ballistic 
performance by reducing the resistance to penetration. The onset of fragmentation 
can be delayed by using an adhesive with greater mechanical impedance. This 
results in a greater proportion of the shockwave being transmitted from the ceramic 
layer to the adhesive layer, thus reducing the amplitude of the reflected shockwave 
in the ceramic. (Zaera etal., 2000)
2.4 Adhesives
Ceramic based armour systems use a ceramic bonded by an adhesive to a backing. 
The ceramic acts as a hard strike face to resist penetration and the backing absorbs 
energy as it is deformed by the failed ceramic layer. The shockwave wave transfer 
from the ceramic layer to the backing is affected by the type of adhesive used.
Epoxy and polyurethane are commonly used adhesives for armour applications.
The different chemistry of these two polymer systems can be seen from Figure 2-8 
and Figure 2-9. In terms of mechanical performance, epoxy is stiffer and has a 
greater mechanical strength. The elongation to failure of polyurethane is greater 
than that of epoxy.
CTBA te iitfo ic«d DOEBA
I I / Ï  U",  1 S/1 " :U l  l l î  1 U "  ’ l 'H — c — c -4—c —0 —\  y — c— \  c —f -c — c—0 —C-4-C — c = c — C -44-C —c -f-c —-0 — c— c 4 - c —0 — ^  C c— \  C j 0 — C - ^ C — C — H
i T i i  T j i i i i T T i i ?
n. X. y. z are arbitrary values for the 
repeating polymer chains
Figure 2-8 A toughened epoxy adhesive molecule, (after Petrie, 2005).
R-N-C-O-R^
Q R is a |)olymer chain
Figure 2-9 A polyurethane adhesive molecule, (after Forrest, 1999).
During an impact, shock energy is transmitted through the ceramic. The amount of 
energy transmitted from the ceramic to the adhesive layer is governed by the ratio 
of impedance between the ceramic and the adhesive. The amount of energy 
transfer from alumina is 16% for epoxy and 1.2% for polyurethane. Epoxy has a 
mechanical impedance of 1 . 6  x 1 0 ® kg s ”' m'  ^and polyurethane 0 . 1  x 1 0 ® kg s‘  ^m' .^
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The ratio between the impedance of the adhesive and alumina and its effect on the 
amount of energy transmitted or reflected is shown in Figure 2-10. (Zaera et al., 
2000)
1
5 0.8
'oc 0.6
w '"
a 0.4
2
W 0.2
0
epoxy
polyurethane
I: \
100 150 200 250 
Impedance ratio
Figure 2-10 Amount of energy transmitted to the adhesive layer as a function o f impedance 
ratio, (after Zaera et al., 2000).
Using epoxy to bond the ceramic to the backing has an advantage for the ballistic 
performance of the armour. The increased shock energy transfer from the ceramic 
results in a reduced shockwave reflected back into the ceramic. This reduces the 
tensile load in the ceramic and delays the fracture of the ceramic. However, this 
results in a greater amount of stress within the bond line and this may lead to the 
failure of the bond line at the impact location and the surround area. (Zaera et al., 
2000)
In comparison to polyurethane, epoxy has a disadvantage as during an impact the 
ceramic can be debonded from the backing easily. The polyurethane does not need 
to be bonded strongly to the ceramic as it has a high elongation to failure and can 
be elastic for a large deformation thus encapsulation (or potting) of the ceramic is 
adequate to hold it in place. Epoxy is a stiffer adhesive in comparison to 
polyurethane and is less able to deform which means the deformation of the 
backing material may lead to the failure of the bond line. However, during an impact 
the ceramic may experience bending stresses. Increasing the stiffness of the 
adhesive layer can reduce the bending stress in the ceramic tile.
The adhesive thickness has a role in the ballistic performance, as it influences the 
time it takes for the shockwave to be transmitted from the ceramic/adhesive 
interface to the adhesive/backing interface. The shockwave travels at the speed of 
sound for the medium in which it is travelling. The speed of sound is 1300 m s'^  in 
epoxy and 9100 m s'^  in alumina. Once the shockwave reaches the backing it 
begins to absorb the energy of the impact. A thicker adhesive layer results in the 
shock energy transfer to the backing taking longer and as a result the ceramic 
fractures quicker which reduces ballistic efficiency. Thus, there is a benefit to using 
a thinner adhesive layer. (Zaera et al., 2000)
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There is however a disadvantage to using an adhesive layer that is too thin. When 
the projectile impacts and the ceramic fractures, the adhesive layer deforms as the 
backing layer deforms. This deformation may exceed the elongation to failure of the 
adhesive (strain to failure). This is more likely for the epoxy as its elongation to 
failure is less than polyurethane. The result of this is that the impacted tile and the 
surrounding tiles may debond from the backing. This presents a problem for multi­
hit performance. (Zaera etal., 2000)
Researchers have compared epoxy and polyurethane for their ballistic performance 
with regards to damage and debonding of alumina. Figure 2-11 shows the result of 
an impact to an alumina bonded to an aluminium backing plate with a 0.5 mm thick 
layer of adhesive. The polyurethane bonded panel (left) shows a larger area of 
damage. The surrounding tiles have fractured as well as the impacted tile. The 
epoxy bonded panel (right) shows a very contained area of damage and no damage 
to the surrounding tiles. The adhesive layer thickness between the ceramic and 
backing is great enough for the deformation that will have occurred from the impact. 
It is also apparent that greater energy transfer has occurred with the epoxy system, 
as the polyurethane system shows cracks extending into the surrounding tiles.
f
Figure 2-11 A ballistic impact o f two panels o f pink alumina adhesively bonded to aluminium. 
Two different adhesives have been used; a 0.5 mm thick layer o f polyurethane (left) and a 
0.5 mm thick layer of epoxy (right), (after Zaera et al., 1999 and after Zaera et al.,2000).
The thickness of the adhesive layer has a role in the ballistic performance. The 
testing of alumina aluminium panels using 0.5 mm and 1.5 mm layers of 
polyurethane is shown in Figure 2-12. The thicker layer (left) results in the damage 
being more restricted to the impacted tile. This figure highlights the poor 
performance of polyurethane and also that adhesive thickness has a significant 
effect on the ballistic performance.
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Figure 2-12 Pink alumina tiles adhesively bonded to aluminium with polyurethane. Two 
thickness have been used; 1.5 mm (left) and 0.5 mm (right), (after Zaera et al., 1999).
Epoxy bonded panels are susceptible to debonding during an impact. 0.1 mm and
1.1 mm bond thicknesses have been compared in Figure 2-13. The impact has 
resulted in the alumina debonding completely for the thinner adhesive layer. This 
has implications for retained and multi-hit performance of armour systems. (Lopez- 
Puente etal., 2005)
Figure 2-13 A photograph o f the post impact o f an alumina tile adhesively bonded using an 
epoxy to aluminium. Two different thicknesses were used; 0.1 mm (left) and 1.1 mm (right), 
(after Lopez-Puente et al., 2005).
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2.5 Surface Functionalisation
2.5.1 Introduction
The adhesive bond strength is dependent on the strength of the adhesive and also 
on the interface between the adhesive and the substrate. Epoxy adhesives are 
generally high strength adhesives but the bond strength between a ceramic and 
epoxy is poor. Surface functionalisation techniques can be used to improve 
adhesive bond strength. This chapter considers three surface functionalisation 
techniques (grit blasting, refiring and laser ablation) that might be appropriate for 
ceramic armour but firstly a brief overview of the mechanical and chemical aspects 
of adhesive bonding is provided.
2.5.2 Mechanical Aspects of Adhesive Bonding
All surfaces are rough to some degree. Roughness can be characterised by 
measuring the variation of the height of the surface using a profilometer. Atomic 
force microscopy (AFM) may also be used for measurements on the nano scale. 
There are a range of measurements that can be made. Figure 2-14 shows some of 
the most common measurements of the surface height variation; Ra, the average 
roughness of measured length; R^ ax, the maximum peak to trough distance for 
single peak to trough height change; R q ,  the root mean squared roughness and Rt, 
the difference between maximum peak and trough over length measured.
Ra
Mean line
Rmax
Figure 2-14 A schematic diagram showing some o f the measurements o f surface height 
variation, (modified from htto://www. hallite. com/upload/surface.odf).
As an adhesive wets the surface of the solid it will enter between the peaks into the 
troughs (Figure 2-15). Increasing the roughness of a surface increases the potential 
contact area which can benefit adhesive bond strength. This type of interaction 
between the adhesive and substrate is desirable (e.g. Wenzel, 1936 and Shahid 
and Hashim, 2002).
Adhesive
Substrate surface
Figure 2-15 A schematic diagram o f adhesive located in the troughs o f the substrate surface.
In practice the adhesive may not completely fill the troughs and make contact with 
the entire surface. These voids can induce stress concentration factors at the 
adhesive/void interface. The void can form from air trapped within a surface pore as 
it generates a resisting pressure to the adhesive flow. The adhesive must overcome 
this pressure to completely fill the pore. This may not happen and the joint will be
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left with unfilled pores. The viscosity of the adhesive, atmospheric pressure and 
surface topography affect this. Bonding under a vacuum can reduce the resisting 
pressure and enable the adhesive to enter further into the pore (Packham, 2003). 
Figure 2-16 illustrates the various geometries schematically.
Figure 2-16 A schematic diagram showing the cross-section o f three different troughs in a 
surface where the adhesive pressure is balanced by the trapped air pressure, (after Mittal 
and Pizzi, 1999).
In addition, contamination on the surface can be present between the adhesive and 
the substrate and this prevents the adhesive from bonding with the surface. 
Cleaning the surface will remove contaminants and improve the bond strength 
achieved. Figure 2-17 illustrates contamination and possibly defects between the 
adhesive and the substrate. (Pocius, 2002)
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Figure 2-17 A schematic diagram o f the cross-section of a contaminated surface, (after 
Pocius, 2002).
In summary, roughness can affect joint performance positively or negatively.
Positive factors are the consequently increased surface area for bonding, 
mechanical interlocking of adhesive and adherend and crack deviation from the 
interface during joint failure (Packham, 1998, Shahid and Hashim, 2002, Tzetzi, 
2008, Uehara and Mitsuri, 2002 and Wenzel, 1936). Negative factors are the 
reduction in wettability due to trapped air in voids and a concentration of stress due 
to areas of poor bond strength (Packham, 1998, Prolonge etal., 2006, Shahid and 
Hashim, 2002).
2.5.3 Chemical Bonding
Chemical bonding occurs between the adhesive and the substrate. Principally the 
adhesive can create hydrogen bonds with the substrate and covalent bonds with 
itself. In order for the adhesive to bond with the substrate the work of adhesion must 
be positive. Epoxy and alumina have a positive work of adhesion and the adhesive 
will wet the alumina surface. However, in the presence of water the work of 
adhesion is negative. This means that no bonds will be formed between the epoxy
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and alumina and the water will be located between the adhesive and the alumina. 
Maintaining a surface free of water and other contaminants can help ensure the 
adhesive is able to contact the surface and form a chemical bond (Kinloch, 1975 
and Pocius, 2002).
Ideally an adhesive must produce chemical bonds to the substrate. The chemistry of 
the ceramic surface can influence the adhesive bond strength by controlling the 
number of bonds produced. The bonds are formed from the thermodynamic work of 
adhesion which is related to the surface energy and hence surface wettability 
(Packham, 1995).
The chemical bond between an epoxy and ceramic is termed an acid -  base 
interaction. The adhesive has a number of basic sites which can bond with the 
cermic surface. The ceramic may have hydroxyl groups located at the surface and 
the adhesive can bond with these via hydrogen bonds. Within a ceramic material 
both crystalline and non-crystalline phases may be present. For alumina the grains 
are mostly AI2 O3  and the grain boundaries can contain a glass based on a number 
of oxides such as CaO, MgO and Si0 2 . All but SI0 2  are basic oxides with AI2 O3  
being amphoteric which means it can be either acidic or basic depending on the 
molecule in contact with it. Si0 2  is acidic. An acidic interface is likely to produce a 
hydrogen bond between the positive atom (i.e. the hydrogen atom of the hydroxyl 
group) and the basic site of the adhesive. Alternatively, a basic site is likely to 
produce a hydrogen bond between the negative atom (i.e. the oxygen atom of the 
hydroxyl group) and the acidic site of the adhesive (Leadley and Watts, 1997).
Physical adsorption is important as it controls the ability of the adhesive to “wet” the 
surface. Van der Waals forces at the interface are produced by the interaction 
between permanent and induced dipoles. Wettability can be characterised using the 
sessile drop technique to measure the contact angle between a liquid and the 
surface. Strong physical absorption will result in a smaller contact angle. The liquid 
will spread on to the surface. If physical interaction is poor, i.e. low surface energy 
or contamination, then the liquid will have a high contact angle which will tend 
towards hydrophobicity. A schematic diagram is shown in Figure 2-18. A small drop 
of a liquid is placed onto the surface and the contact angle is measured. A surface 
that has poor wettability (0> 90°) will not produce a good bond with an adhesive. 
Figure 2-19 shows the effect of water contact angle on the strength of an epoxy to 
polyethylene joint. (Comyn, 1997)
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Figure 2-18 A schematic diagram showing different water contact angles on a surface (a) 
superhydrophilic, (b) hydrophilic, (c) hydrophobic and (d) superhydrophobic.
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Figure 2-19 A graph showing the effect o f water contact angle on the strength of 
polyethylene and epoxy lap joints, (after de Bruyne, 1956).
2.5.4 Grit Blasting
Grit blasting is a common surface treatment designed to increase the roughness of 
the substrate surface. The intended benefit of this is to improve the mechanical 
interlocking between the adhesive and substrate and increase the surface area in 
contact with the adhesive.
The angle of grit blasting affects the erosion rate of the surface. At high angles 
material is removed by lateral cracking whereas at lower angles, where the erodent
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approaches more parallel to the ceramic surface, plastic deformation is more likely 
to occur. The difference in the rate of material removal as a result of the two 
different mechanisms is shown in Figure 2-20. (Wellman and Allen, 1995)
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Figure 2-20 Erosion rate as a function o f grit blasting angle for various aluminas, (after 
Wellman and Allen, 1995).
2.5.5 Laser Ablation
Laser ablation of ceramics as a surface preparation for adhesive bonding is a new 
technique. A small laser spot will focus the energy into a small area. The laser can 
then be traversed along the surface to ablate an area. When sufficient energy is 
deposited, the melting point or boiling point can be reached or exceeded. Figure 
2 - 2 1  shows the build up of thermal energy in the substrate from a single pulse and 
then a second pulse of a traversing laser. The temperature of the ceramic is a 
function of the pulse rate, traverse speed, heat flux, thermal adsorption in the 
substrate, reflectivity and atmosphere.
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Figure 2-21 A schematic diagram showing the thermal energy building up in the substrate, 
(after Stournaras et al., 2009).
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Laser irradiation of a ceramic surface can produce mechanical and chemical 
changes. An alumina grain is transparent to a krypton flouride (KrF) ultraviolet (UV) 
laser because the wavelength of 248 nm means a material with a band gap of 5.0 
eV or less can absorb the energy; alumina grains have a band gap of 6.0 eV. The 
glassy phase, defects and inclusions are not usually transparent to this wavelength. 
The laser energy is absorbed by these areas and they are heated. When alumina is 
heated with sufficient laser energy the surface may change physically through grain 
rounding and melting. There is a risk of thermal shock due to the rapid change of 
temperature and this can result in cracking of the surface. The thermal energy 
supplied by the laser can be sufficient to vaporise the surface resulting in material 
being removed. Figure 2-22 shows an alumina surface that has been ablated with a 
varying number of laser pulses. (Sciti et al., 2000)
I L
A 4
Figure 2-22 SEM micrographs o f a KrF laser ablated alumina surface after a) 10 pulses, b) 
200 pulses and c) 500 pulses. Laser energy o f 0.4 J, frequency o f 10 FIz and fluence o f 1.8 J 
cm'^, (after Sciti et al., 2000).
As the number of laser pulses increases the amount of glassy phase material 
between the grains decreases. This suggests a chemical change of the surface may 
occur through the removal of specific phases. The surface of an alumina processed 
with a KrF excimer laser at 1.8 J cm'^ has a layer of melted material at the surface, 
shown in Figure 2-23.
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Figure 2-23 A micrograph o f a cross-section o f an alumina that has been ablated with a KrF 
excimer laser at 1.8 J cm'^, (after Sciti et al., 2000).
Other ceramics such as Si3 N4  and TiC+AbOs have been processed using a KrF 
excimer laser. The surfaces show similar artefacts to those seen with alumina. The 
laser has been able to vaporise the surface through heating producing a surface 
that appears to have rounded grains that have merged with increasing numbers of 
laser pulses. The roughness of these surfaces was measured and found to increase 
with increasing number of pulses. (Man et ai, 1997)
A high power diode laser (HPDL) has been used to irradiate alumina. This has a 
greater wavelength in comparison to the KrF laser. Pure alumina has a band gap of 
6.0 eV and is transparent to a laser wavelength of 207 nm and above. This type of 
laser has a wavelength of 810 nm and hence a material with a band gap of 1.53 eV 
or less can absorb the energy. As a result the energy will not be directly absorbed 
by the alumina grains (Sciti et ai, 2000, Bellosi et ai, 1999.). This laser was able to 
melt the surface, closing pores and this resulted in a reduction of the roughness and 
the wettability of the surface increased. Chemical changes were characterised using 
energy dispersive x-ray spectroscopy. The measured oxygen concentration of the 
alumina was found to increase after laser processing suggesting a chemical change 
has occurred. Additionally, the contact angle between the alumina surface and 
human blood, human blood plasma, glycerol and 4-octanol was measured. It was 
found that post laser treatment the contact angle of these liquids reduced. The 
surface energy was calculated and found to have increased. To ensure the 
measurement of the surface energy only and remove effects from roughness on the 
wettability a Wenzel correction factor was used to correct the contact angle data. 
(Lawrence et ai, 1999)
The laser ablation process has been shown to change the chemistry of an alumina 
surface. Investigation of the chemical changes using EDX has found that the 
relative oxygen content of the surface increases (Lawrence et ai, 1999). It has also 
been found that the concentration of certain elements is reduced after laser 
ablation. Ca, Mg, Na, Si and Ti can be reduced and with sufficient number of laser 
pulses Ca, Mg and Na are completely removed. (Bellosi et ai, 1999)
Aluminium and oxygen ions are also removed demonstrating the vaporisation is not 
exclusively at the grain boundaries. Analysis of only the aluminium and oxygen 
vapours produced during laser ablation in a vacuum found O, Al, O2 , AlO, AL, ALO,
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AI3  and AI2 O3 . The aluminium and oxygen were deposited onto a substrate and 
analysed using energy dispersive x-ray fluorescence (EDXRF). (Caridi et al., 2009)
Silicon nitride has also been laser ablated. Chemical and mechanical changes to 
the surface occurred. A laser fluence from 2.35 to 5.86 J cm'^ was used and it was 
found that the amount that the laser ablation affected the surface increased with the 
number of pulses. With increasing laser fluence the average surface roughness 
increased from 0.14 pm up to 0.95 pm. Scanning electron microscopy showed 
nodules on the surface created by traversing the laser along the surface and 
overlapping the previous ablated line by 50% of the width. The nodules were at 
maximum height when processed with 4.11 J cm'^ laser fluence. Chemical changes 
to the surface were found using x-ray photoelectron spectroscopy. It was found that 
10 pulses of 4.11 J cm'^ at the same location resulted in the oxygen content of the 
surface increasing dramatically. This was due to the breakdown of the Si3 N4  into 
ions. The silicon ions bonded with oxygen from the air and formed Si0 2  and the 
nitrogen ions formed NxOy in the gaseous state. (Zhang et al., 1997, Man et al.,
1997, Bellosi et al., 1999)
Aluminium nitride has been processed using a KrF laser. Aluminium nitride has a 
band gap of 6.2 eV; this is similar to the band gap of alumina. The grains are 
transparent to the laser UV wavelength of 248 nm and the energy will be absorbed 
by the grain boundaries or defects (Sciti et al., 2000). The changes to the surface 
have been analysed by x-ray photoelectron spectroscopy and peak fitting has been 
applied to look at a detailed composition of the surface. The aluminium nitride target 
was ablated at an angle 45° to the laser and the resulting vapours were deposited 
onto a piece of silicon for analysis. It was found that the deposit had formed an 
aluminium oxide and this had hydrated after the deposition. This has implications for 
the ceramic ablated with the laser. The enthalpy required to break and form new 
bonds with oxygen in the atmosphere was achieved. The formation of a hydrated 
oxide layer may have benefits for the wettability of the surface. (Stanca, 2006, Man 
et al., 1997, Zhang et al., 1997)
Processing of silicon carbide with laser ablation oxidises the surface. An oxide layer 
is always present on silicon carbide, but the heating of the sample using a laser in 
an oxygen containing atmosphere can cause further oxidation. The processed 
sample showed surface and subsurface cracks between the oxide layer and the 
bulk (SiC). The cracks were probably a result of thermal shock and they could be 
observed using scanning electron microscopy. Figure 2-24. The band gap of silicon 
carbide is 1.9 eV and the KrF laser energy (248 nm) is absorbed by materials with a 
band gap of 5.0 eV or lower. This means the energy of the laser is more readily 
absorbed by the silicon carbide directly at the surface than alumina. This differs 
from alumina which only absorbs energy at the grain boundaries and at the location 
of imperfections. This effect is important as it has implications for the strength of the 
material because local heating at the surface may lead to thermally related damage 
and hence cause reduced strength of the ceramic when under load. (Zhang etal. 
1997, Sciti etal. 2000, Bellosi etal. 1999)
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Figure 2-24 A micrograph o f the cross-section o f silicon carbide that has been ablated with a 
KrF excimer laser at 1.8 J cm'^, (after Sciti et al., 2000).
Processing of the silicon carbide by traversing the laser across the surface causes a 
change to the surface not observed when the laser spot is kept still in one location. 
As the laser moves across the surface it pushes the surface material out and 
forwards from the laser spot. This creates long lines of oxidised silicon on the 
surface as seen in Figure 2-25. Increasing laser fluence and pulse number appears 
to increase this effect. However the effect of speed has not been investigated. (Neri 
et al., 2 0 0 2 )
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Figure 2-25 Micrographs o f the surface o f silicon carbide processed with (i) 10 shots at 
1.4 J cm'^, (ii) 1000 shots at 1.4 J cm'^, (Hi) 10 shots at 5.1 J cm'^ and (iv) 1000 shots at 5.1 j  
cni^. The arrow shows the direction o f the laser traverse, (after Neri et al., 2002).
The roughness of the surface has been found to change as a result laser 
processing, Figure 2-26. The laser fluence and number of pulses are parameters 
that show an influence on the average surface roughness. Increasing laser fluence 
has been found to increase roughness, however the increases were limited when 
increasing the pulse number. (Nicolas and Autric, 1996).
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Figure 2-26 A graph showing the effect o f the number o f pulses and fluence o f a KrF laser 
on the roughness o f silicon carbide compared to a control sample shown at 0 pulses, (after 
Nicolas and Autric, 1996).
Oxide formation on silicon carbide is not exclusively caused by laser ablation. 
Refiring in an air kiln at temperatures around 1100° C has been found to cause a 
silicon dioxide layer to form. The thickness of this layer was dependent on the time 
and temperature, see Figure 2-27. (Yamamoto etal., 2008)
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Figure 2-27 A graph showing the oxide layer thickness on a silicon carbide substrate refired 
in air at various temperatures and times, (after Yamamoto et al., 2008).
2.6 Concluding Remarks
Ceramic based armour systems are used in armoured vehicles to reduce their 
mass. Reducing the mass of vehicles can enable them to be transported by air. 
Currently only lightly armoured vehicles can be air transported and these vehicles 
cannot protect from threats sufficiently in comparison with heavily armoured 
vehicles.
Ceramic based armour systems have seen greater use in armoured vehicles. This 
type of armour has a hard ceramic layer that erodes and breaks up the projectile 
whilst a backing layer absorbs the kinetic energy. Ceramic materials are brittle 
which means they must be bonded to a backing. Ceramics have inherently poor 
surfaces with which to bond. This results in a ceramic layer that can become 
debonded from the backing. Encapsulation of the ceramic using polyurethane has 
provided a solution to this issue. However this adhesive can only transfer a small 
amount of the shockwave from the impacted ceramic layer to the backing. The 
ceramic will fail prematurely and this results in a poor ballistic performance which 
inevitably leads to a thicker armour to compensate for the loss of performance. The 
performance of the ceramic based armour system can be improved using an epoxy 
adhesive. This adhesive has lower mechanical impedance and as a result can 
transfer more energy from the ceramic layer to the backing. It can also provide more 
support to the ceramic tiles and reduce the bending stress induced at the impact. 
However epoxy joints are susceptible to failure because they have a lower strain to 
failure and poor bond strength with the ceramic.
Mechanical and chemical processes can contribute to the strength of the bond 
between epoxy and ceramic. A commonly used technique for surface 
functionalisation is grit blasting. This technique increases the area of the ceramic 
surface and also provides mechanical interlocking. Chemical treatments for 
ceramics may offer improvements to the bond strength. Refiring silicon carbide has 
been shown to result in a chemical change to the surface through oxidisation which 
may be beneficial to the adhesive joint strength. The process of laser treating the
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surface changes the surface mechanically and chemically, resulting in increased 
wettability. Thus re-examining the aims of the project in light of the literature review 
it can be concluded that the focus of this research will be on the area of improving 
the epoxy to ceramic adhesive joint strength using the grit blasting, refiring and laser 
ablation techniques.
The KrF UV excimer laser was the most commonly used laser in research in the 
processing of ceramic materials. The wavelength of this laser meant that the energy 
was absorbed by the ceramic materials tested. It was able to provide sufficient 
energy to cause morphological and chemical changes to the surface. Further 
investigation using this laser shall be undertaken.
The two most common ceramic armour materials used are alumina and silicon 
carbide. Alumina is an oxide advanced ceramic material typically used in low cost 
ceramic based armour systems. In comparison, silicon carbide is a non-oxide 
advanced ceramic armour material used in higher cost but lower mass ceramic 
based armour systems. These two materials shall be the focus of this research.
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3 Materials and Methods
3.1 Introduction
A general overview of the materials and experimental methods used in this research 
are covered in this chapter and further details are covered later. The focus of this 
research was to investigate the effects of a range of treatments on the surface of 
alumina and silicon carbide with the aim of improving the adhesive bond strength to 
epoxy. A number of characterisation techniques have been used to understand the 
effects of the treatments on the surface. These techniques include scanning 
electron microscopy, profilometry, x-ray photoelectron spectroscopy, energy 
dispersive x-ray spectroscopy and the sessile drop technique. These techniques 
allow a relationship to be formed for any observed changes to the measured 
adhesive bond strength and the failure loci of the adhesive joints. Finally, the 
ballistic performance of simple armour systems using selected treatments has been 
assessed.
3.2 Materials
3.2.1 Alumina
The ceramic used was a liquid phase sintered alumina, manufactured by Anderman 
Ceramics Ltd. and is known as EA96 sintered alumina. It is a liquid phase sintered 
white alumina with 96 wt% AI2 O3  and has a number of sintering aids including the 
oxides of calcium, magnesium, sodium and silicon. The mechanical properties taken 
from the accompanying datasheet are as follows; Vickers hardness =12 HV(5), 
Young’s modulus = 310 GPa, bending strength (4 point) = 200 MPa and fracture 
toughness = 3.4 MPa m^ ^^ .
The alumina was supplied as blocks of dimensions 5.0 mm x 30.2 mm x 45.0 mm 
and 10.5 mm x 30.2 mm x 75.0 mm with a 1 mm 45° chamfer on the 5.0 mm and 
10.5 mm long edges. The cuboids came as-fired with the chamfer in place before 
the firing. The as-fired surface has been used for the control experiments. This 
ceramic was used to initially understand the effects of grit blasting and laser 
treatments on alumina.
An alternative alumina was used for the ballistic experiments. This alumina was 
chosen because it is one intended for use in armour. Two alumina materials were 
supplied by Ceramtec ETEC GmbH. These are known as Alotec 96 SB and Alotec 
99 SB and they contain 96 wt.% and 99 wt.% AI2 O3  respectively. The mechanical 
properties taken from the accompanying datasheet are as follows for Alotec 96 SB: 
Vickers hardness = 12.5 HV(5); Young’s modulus = 310 GPa, bending strength (4 
point) = 250 MPa and fracture toughness = 3.5 MPa m '^ .^ For Alotec 99 SB the data 
are: Vickers hardness =15 HV(5); Young’s modulus = 365 GPa, bending strength 
(4 point) = 280 MPa and fracture toughness = 3.5 MPa m '^ .^
3.2.2 Adhesive -  Alumina Joints
The adhesive used for the alumina joints was Henkel Hysol EA 9309.3NA, a 
toughened epoxy adhesive. According to the data sheet supplied by the 
manufacturer, the tensile and shear strengths when bonded to aluminium are
31.0 MPa and 28.9 MPa, respectively. The Young’s modulus was 2.1 GPa. The
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adhesive contains 0.130 mm glass beads that were used to control the bond line 
thickness. The manufacturer recommends a mix ratio of 100:22 resin to hardener. A 
minimum of 5 days at room temperature is required to cure the adhesive. There is 
no requirement for humidity control.
3.2.3 Silicon Carbide
A solid state sintered silicon carbide (Sicadur F) was supplied by Ceramtec ETEC 
GmbH. The mechanical properties taken from the accompanying datasheet are as 
follows: Vickers hardness = 26 HV(5); Young’s modulus = 410 GPa, bending 
strength (4 point) = 400 MPa and fracture toughness = 3.2 MPa m '^ .^ No additional 
processing of the samples was performed other than to clean the surface using a 
solvent wipe prior to material characterisation testing and adhesive bonding 
experiments.
The silicon carbide was supplied as blocks of dimensions 5.0 mm x 50 mm x 
50 mm, 5.0 mm x 26.0 mm x 50.0 mm, 10.0 mm x 50.0 mm x 50.0 mm and
10.0 mm X 26.0 mm x 50.0 mm. A 1 mm 45° chamfer was present on the samples. 
These samples were received in the as-fired state. The as-fired surface has been 
used for the control surface and further treatments were carried out to understand 
the effects of refiring and laser processing.
3.2.4 Adhesive -  Silicon Carbide Joints and Ballistic Tests
The adhesive used for the silicon carbide joints was an epoxy comprised of three 
parts including two resins and one hardener. The two resins were ESK T and LV2 
and the hardener was LVH2, provided by Resiblend PLC. The mixing ratio was 90 
parts ESK T, 10 parts LV2 and 17 parts LVH2. The samples were cured at room 
temperature for at least 6  hours and then at 120°C for 6  hours. The Young’s 
modulus of the adhesive was 740 MPa. The adhesive has different properties from 
that used for the alumina joints. It had low viscosity and was suitable for vacuum 
assisted resin infusion moulding as used to manufacture the panels used in the 
ballistic tests. It was toughened and it contains no beads for bond line control.
3.3 Characterisation of Ceramic Samples
3.3.1 Scanning Electron Microscopy
A Hitachi 3200N SEM was used with a secondary electron detector and a back 
scatter electron detector at an acceleration voltage of 25 kV. A range of samples 
were prepared for both alumina and silicon carbide. Each set of samples were 
prepared at various stages during the research. These were to achieve the 
following:
• Characterisation of the effects of the surface preparation techniques.
• Identification of the failure locus of the quasi-static adhesive joints.
• Assessment of the presence of adhesive on the surface of the ballistically 
tested samples.
In addition to the surface effects, the subsurface effects were assessed by 
preparing cross-section samples. These were cut to size and then set in Epofix 
epoxy mounting resin manufactured by Struers; an alumina powder was mixed into
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the epoxy to aid with polishing. Once cured the samples were polished using a 
series of SiC suspensions and diamond pastes prior to coating with gold for analysis 
using SEM. Samples were coated with ~3 nm thickness of sputtered gold to allow 
electrons to be conducted away from the surface of the samples.
3.3.2 Energy Dispersive X-ray Spectroscopy
EDX is a spectroscopy technique and this has been used to investigate chemical 
changes resulting from the surface treatments. A Hitachi 3200N SEM with an 
Oxford Instrument INCA Energy 200 EDX module was used with a back scatter 
electron detector and a voltage of 25 kV. Data was processed using INCA software. 
Samples were prepared by cutting them down to size and then mounting them in a 
metallic holder. The samples are then carbon coated prior to EDX analysis to 
prevent charge build up. EDX is able to detect the elements in the sample to a 
depth of up to 2  pm.
3.3.3 X-ray Photoelectron Spectroscopy
XPS is a spectroscopy technique that is able to detect elements present at the 
surface and near surface of the sample. It is also able to measure carbon and 
oxygen more accurately than EDX. This technique has been used to analyse the 
surface of the samples to identify any chemical changes at the surface that may 
influence the adhesive bond performance. Spectroscopy has been performed using 
a VG ESCALAB mk II -  XPS using a non-monochromated Al Ka source. XPS with 
this source has a depth of analysis of 5-6 nm. Measurements were taken in at least 
two different locations on the sample.
To prepare the samples they were fractured into smaller pieces. Fracturing rather 
than cutting minimises surface contamination from cooling fluids and the cutting 
disc. XPS has a very low depth of analysis which means it is highly influenced by 
the surface of the sample. Minimising contamination gives a surface that is more 
representative of that used for the adhesively bonded joint. Unlike EDX, a coating 
on the sample surface is not required prior to analysis; instead, this would negate 
the benefits of XPS.
The spectroscopy data obtained was charge referenced using carbon, setting the 
carbon peak to 285.0 eV. Data were peak fitted to find different bonding states for 
the same element, i.e. oxygen (O^ ), hydroxyl (OH’) and water (H2 O).
3.3.4 Profilometry
Profilometry was used to measure the height variation on the surface of a material. 
Measurements are on the micrometre scale. Roughness of the alumina and silicon 
carbide was measured in x and y directions as shown in Figure 3-1.
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Ceramic
sample Laser traverse direction
X
Figure 3 -1 A schematic diagram highlighting the X  and Y direction o f the ceramic samples 
used for profilometry.
A Veeco Dektak 8  profilometer on an air cushioned table was used to carry out the 
contact profilometry. A 5 pm radius diamond stylus was used. Two different scans 
are available. A single line scan and a map scan. A map scan is built up from a 
number of lines spaced 3.175 pm apart. The settings for each are shown in Table
3-1. Eight measurements were taken in X and Y directions for each of the surface 
conditions.
Table 3-1 The settings used for the Dektak 8 profilometer.
Single line scan 3D map scan
Length of scan 2 0 0 0  pm 1 0 0 0  pm
Duration of each scan line 30 s 1 0 s
Resolution across length 0 . 2 2 2  pm/sample 0.333 pm/sample
Uncertainty of height measurement 0.060 pm 0.060 pm
Stylus force 5 mq 5 mg
3.3.6 Sessile Drop Technique
The sessile drop technique is used to measure the wettability of a surface by 
placing a drop of liquid onto the sample such that the contact angle can be 
measured. A smaller contact angle indicates greater wettability. This can be used to 
determine the surface energy when two different liquids are used.
2 0  liquid drops were separately placed onto the flat, horizontal alumina and silicon 
carbide surfaces using a computer controlled syringe with needle. Two liquids were 
used, distilled water and glycerol. The drop was analysed using the Drop Analysis 
computer program. An electronic video camera parallel to the ceramic surface was 
used to observe the contact angle of the liquid.
Wettability of the surface is affected by roughness and surface energy. Excessive 
roughness such as that typically observed with a grit blasted sample can influence 
the wettability and the surface energy may not be accurate. To correct for the 
roughness a gold coated sample was used to initially determine the contribution of 
the roughness to the wettability. A ~4 nm thick gold layer was sputtered onto the 
surface of the grit blasted sample and a polished sample, representing the rough 
and smooth surfaces, respectively. Measurements of the contact angle on both 
surfaces were taken and using Equation 3-1 a correction factor was found. This 
roughness correction factor was then applied to the data from the uncoated grit 
blasted sample to find the wettability of the surface due to surface energy only. The 
measurements taken for all samples using distilled water and glycerol were used
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with Equation 3-2 to find the polar and dispersive components of the total surface 
energy for each prepared sample.
Equation 3-1. (Wenzel, 1936)
Where oc^  is the contact angle on a rough surface, oc^  is the contact angle on a 
smooth surface and is the roughness factor.
YLd+cosa) _  yDiyD2+yP yP i Equotion 3-2 (Owens and Wendt, 1969)
Where is the total surface energy, a is the contact angle between the liquid and 
the solid surface, y° is the dispersive energy component of the solid surface due to 
Van der Waals forces, y^ is the polar energy component of the solid surface due to 
acid-base interactions, y° is the dispersive energy of the liquid and y^ is the polar 
energy of the liquid.
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4 Surface Modification and Characterisation of Alumina 
Samples
4.1 Introduction
This chapter will describe the methods used to modify the surfaces of the alumina 
sample. Alumina has been modified using grit blasting and laser processing 
techniques. The results from the characterisation of these surfaces has been 
presented. Firstly, profilometry will be covered, then scanning electron microscopy, 
sessile drop technique, energy dispersive x-ray spectroscopy and finally x-ray 
photoelectron spectroscopy.
4.2 Surface Modifications for Alumina
4.2.1 Control Sample
The control sample was an unmodified EA96 alumina. The surface was as-fired and 
was prepared for characterisation and bonding by cleaning the surface of grease, 
dirt, water and dust. Methanol was used for this purpose.
4.2.2 Grit Blasted Samples
Grit blasting the surface is intended to increase the roughness in comparison to the 
control sample. The surface was prepared by grit blasting for 30 seconds with 6 8  - 
82 pm pink alumina grit using a hand held air powered gun perpendicular to the 
surface. The orifice of the nozzle of the gun was approximately 3 mm in diameter. 
The grit blasting nozzle was traversed across the surface to achieve a uniform 
coverage for the time period.
To determine the amount of time for which the sample should be grit blasted to 
achieve a roughened surface, a single block of alumina was grit blasted in the areas 
and times shown in Figure 4-1. Each area was grit blasted separately and the other 
areas were masked to preserve them.
15.0 mm
i---------»
30.2 mm 80s 60s 90s 120 s ISOs
180 s 210 s 240 s 270 s 300 s
Figure 4-1 A schematic diagram o f an alumina cuboid grit blasted fo ra  range o f times in the 
areas shown.
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4.2.3 KrF Laser Ablated Samples
The laser ablation of alumina was carried out with a krypton fluoride laser (248 nm 
wavelength)/ The processing was carried out in air, at room temperature and in an 
air conditioned room. The settings used are shown in Table 4-1. Alumina was 
ablated using both settings. Laser setting A is based on the findings from the 
literature review where a range of parameters were used to process silicon nitride 
using a KrF laser between 2.35 to 5.86 J cm'^ (Zhang etal., 1997, Man etal., 1997). 
Laser setting B is a modification of this setting to reduce the spot size and as a 
result this increases the heat flux. To maintain a constant energy supplied per area 
on the sample surface the traverse speed was doubled. The reduced spot size 
means the as the laser traverses on the surface it will not overlap the previous pass. 
Based on literature findings this may lead to greater height variation on the surface. 
(Man et al. 1997)
Table 4-1 The laser settings used to ablate the alumina surfaces.
Setting
Traverse 
Speed, 
mm s'""
Pulse
rate,
Hz
Pulse
duration,
ns
Overlap
Spot
size,
mm
Laser heat 
flux, MW 
m^
A 1.7 100 25 50% I.Ox1.0 3.2
B 3.4 100 25 0 % 0.5 X 1.0 6.4
For setting A, the initial laser affected area was overlapped by passing the laser 
back over the row it had just completed such that 50% of the track was covered a 
second time. Overlapping the spot by 50% means that the edge of the laser spot is 
over the centre of the previous line of ablation. The laser traverse and overlap is 
shown in Figure 4-2, 50% overlap (left) and 0% overlap with reduced spot size 
(right). Setting B uses no overlapping of the laser spot and has a reduced spot size.
50% ovetl.ij» 0% oveilap with leclucetl spot size
Dr. Simon Henley of the ATI, University of Surrey assisted in this part of the work by 
providing expert advice and assisting with development of experimental procedures.
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Figure 4-2 Schematic diagram showing the two different laser set-ups, 50% overlap o f the 
laser ablated area as used for setting A and reduced spot size with no overlap as used for 
setting B.
4.3 Scanning Electron Microscopy of Surface Morphologies
4.3.1 Control Sample
The microstructure of the surface of the control sample was observed using SEM 
(Figure 4-3 to Figure 4-4). Individual grains and clusters of grains are apparent. 
There are also regions showing significant porosity as well as smaller intergranular 
pores.
P » S « ï
lOOpm
Figure 4-3 An SEM micrograph o f the control sample showing many pores.
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Figure 4-4 An SEM micrograph of the control sample showing the microstructure and in 
particular the grains.
4.3.2 Grit Blasted Sample
The micrographs for some of the grit blasted surfaces are shown in Figure 4-5 to 
Figure 4-7. Micrographs show three grit blast times; 30 s, 90 s and 300 s. Grit 
blasting has caused damage to the surface and this increases with increasing grit 
blast time. It also appears to have removed grains.
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Figure 4-5 Micrographs o f the alumina surface grit blasted for 30 s. The 
grains are not clear due to damage on the surface.
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Figure 4-6 Micrographs o f the alumina surface grit blasted fo r 90 s 
showing the removal o f clusters o f grains and surface damage.
(b)
I0(jm
Figure 4-7 Micrographs o f the alumina surface grit blasted for 300 s 
showing more widespread damage with a significant number o f grains 
having been removed.
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4.3.3 Visual Observations from Laser Processing
During laser ablation plasma and vapour were observed coming from the surface as 
shown in Figure 4-8. The formation of a plasma shows that material from the 
surface has been vaporised. The tip of the plasma appeared red and the centre was 
white. The laser colour is light blue. The reason for the colour is not clear, but in 
flame emission spectroscopy when calcium is burnt it produces a red flame and 
magnesium a white one. However it is difficult to determine the difference between 
white and the light blue of the laser.
Faint blue light 
and its reflection.
Red colouration
Bright white plasma 
and light reflected 
from surface.
Figure 4-8 A photograph o f the plasma produced from laser ablation.
Figure 4-9 shows the laser ablation process of alumina. The distinct yellow lines 
show where the laser has already ablated the alumina. A much weaker yellow 
colouration was also observed on the remaining surface of the alumina suggesting 
the entire surface was changed and not just the area directly exposed to the laser.
Figure 4-9 A photograph o f four alumina samples being processed with the laser.
The surface of the alumina became yellow/brown in colour and distinct lines were 
created where the laser ablation had occurred, see Figure 4-10. The left hand 
image of the figure is for setting A and the right is for setting B. The higher energy 
ablation has produced a more distinct colouration.
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A. '.W^
2 mm
Figure 4-10 Two photographs o f the post ablated alumina surface. Left is setting A and right 
is setting B.
A similar effect has been observed in other ablation studies where it was described 
as a colour centre, f-centre or farbe centre. A colour centre occurs in alumina when 
the oxygen ion is removed leaving the aluminium ion behind, thus creating a defect. 
The result is an electron becomes trapped in place of the oxygen. Absorption of 
photons by this electron results in the colouration. The alumina surface changes to 
a yellow/brown colour. (Lumpp, 1996, Shafeev, 1998 and Zhang etal., 1997)
4.3.4 Laser Processed Sample, Setting A
The SEM micrographs for both the centre and edge of the laser spot are shown in 
Figure 4-11 to Figure 4-13. The laser has traversed from bottom to top and vice 
versa in the micrographs. The surface appears different to the control and grit 
blasted surfaces. Stripes of different contrasts can be observed in the micrographs. 
The darker areas show rounded and merged grains. The merged grains have a less 
homogenous appearance suggesting the laser has melted the surface. This would 
be expected to be caused by the centre of the laser spot where the energy is 
greatest. Towards the edge of the laser spot where the least energy has been 
transferred to the surface the grains show less merging. It is also apparent from 
comparing Figure 4-12 to the control sample (Figure 4-4) that the grain boundaries 
have been partially removed, they appear to have receded leaving the grains 
protruding. The grains are rounded with a small amount of merging. The centre 250 
pm of the laser spot shows the greatest energy transfer to the surface.
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Figure 4-11 Long lines o f melted and re-solidified alumina can be seen.
Towards laser spot edge Laser spot centre
(3)
tÔOjjm "îS5i«ir
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Figure 4-12 Micrographs o f the laser ablated Figure 4-13 Micrographs o f the laser ablated 
(setting A) alumina surface showing partial (setting A) alumina surface showing some 
merging o f grains and some closing o f pores, complete merging o f grains and closing o f
pores.
34
-Chapter 4-
Surface Modification and Characterisation of Alumina Samples
4.3.5 Laser Processed Sample, Setting B
The SEM micrographs of the alumina surface processed with laser setting B are 
shown in Figure 4-14. A plasma was also observed during laser processing. The 
effect on the surface caused by laser setting B is similar to that caused by laser 
setting A. The stripes of contrast in the micrographs are more obvious than the 
surface processed with laser setting A. This surface shows a greater degree of 
inhomogeneous grains. The amount of energy supplied from each pulse is the same 
for both settings but the spot size of laser setting B is half the size. A darkened area 
was observed in the micrographs. This area as before shows most of the grains 
have merged and others are rounded. The merging of grains suggests the surface 
has melted, flowed over the surface and then re-solidified. There are also cracks on 
the surface and this is expected to be caused by thermal shock (Figure 4-14 (c)).
Results from the profilometry suggest an area consistent with the dark areas in 
micrographs has had material removed. As was observed with laser setting A a 
plasma was produced during ablation with setting B. This indicates vaporisation of 
the surface. Melting of the surface appears to have been significant enough to hide 
the preferential removal of glassy phase material as was observed with setting A. 
The width of the dark area is approximately 300 pm and despite the width of the 
laser spot used in setting B being half that of setting A the higher energy 
concentration has allowed a larger area to be melted. The abrupt termination of the 
dark area suggests a threshold must be reached and is expected to be the boiling 
point of alumina. The lighter areas around the dark areas still demonstrate partial 
“grain merging” suggesting the melting temperature is still being reached.
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(3)
(b)
60pm
10pm
(C)
Figure 4-14 Micrographs o f the alumina surface processed with laser setting B, (a) shows 
the dark areas caused by the laser ablation, (b) shows grains have merged and (c) shows 
micro cracks are present on the surface, the location shown with red arrows.
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4.3.6 Cross-Sections o f the Surfaces
Cross-sections of the surfaces have been prepared and imaged (see Figure 4-15 
to Figure 4-18). The control sample micrographs show the as-fired surface of 
alumina; this is the baseline to which other samples were compared. Variation of 
the height of the surface can be observed. Porosity was apparent and some of this 
was expected to be a result of the polishing process where grains have been pulled 
out.
Grit blasting the sample increases the roughness. This change can be observed in 
the micrographs of the cross-section of this surface. In comparison to the control 
sample, the height variation was significantly greater. Closer analysis of the surface 
showed that grains have been removed, as had some grain boundary material. It 
was found that grit blasting can open subsurface pores as observed in Figure 4-16
(c).
The laser ablated surface shows evidence of extreme heat exposure. The grains 
became rounded and partially fused to surrounding grains. The laser ablated 
surface for laser setting A is shown in Figure 4-17 and for laser setting B in Figure 
4-18.
Laser setting A and B have differences. Laser setting A overlapped the previous 
laser pass by 50% whereas laser setting B has no overlap. The surface coverage 
by the laser with setting A was more uniform and this resulted in less pronounced 
troughs. Laser setting B had a distinct trough and towards the edge of the laser 
spot the amount of ablation was reduced.
The treatment using laser setting A does not seem to have a significant effect on 
the subsurface. The higher energy setting as used by laser setting B showed a 
greater effect on the surface and subsurface. At the subsurface there were distinct 
areas where grains and intergranular material was missing. Laser setting B has a 
greater heat flux than setting A and this had resulted in micro cracking of the 
alumina surface and significant subsurface damage. The cracking was expected to 
be a result of thermal shock as the amount and rate of temperature increase was 
too great. This may inhibit the performance of the adhesive joint due to the 
damaged substrate. Laser setting A appeared adequate to modify the surface and 
not the subsurface and resulted in no obvious cracking at the surface or 
subsurface.
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Figure 4-15 Micrographs o f the cross-section of 
the control alumina surface showing a range of 
grain sizes.
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icopn
(a)
Potting material
Alumina
40pm
(b)
Potting material
Alumina
40pm
(C)
Figure 4-16 Micrographs o f the cross-section of 
the grit blasted surface showing a pore has been 
opened and widened.
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Figure 4-17 Micrographs o f the cross-section o f 
the laser setting A processed surface showing 
grains very rounded with evidence o f melting from  
extreme heat.
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Figure 4-18 Micrographs o f the cross-section o f 
the laser setting B processed surface showing 
grain rounding and melting caused by extreme 
heat.
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4.4 Surface Profilometry
4.4.1 Control Sample
The result of a single line contact profilometry scan of the surface is shown in Figure 
4-19. The Ra (mean roughness) value from twelve measurements was found to be 
0.6 ± 0.1 pm. The Rmax (maximum roughness) value was found to be 4.6 ± 0.4 pm. 
Figure 4-19 shows one of the measurements taken from the control sample surface.
Distance along surface, pim
Figure 4-19 Surface height variation over 2000 pm length for the control surface.
4.4.2 Grit Blasted Sample
Grit blasting of alumina has been shown to increase the roughness of the surface. 
Profilometry has found a significant increase in the average and maximum 
roughness values over the control sample for example Figure 4-20 shows one of the 
measurements taken from the sample surface that was grit blasted for 30 s. The 
features of surface are more spaced out in comparison to Figure 4-19 and may 
indicate that large pieces of the surface have been removed (such as grains) or 
opening of existing pores have been enlarged. Both the height variation and 
maximum roughness of the surface is greater than the control. 28 measurements 
were taken of the grit blasted surface. An Rg value of 1.8 ± 0.2 pm and R^ ax value of 
15 ± 1 pm were recorded.
The Rmax value begins to reach a plateau around 60 s of grit blasting. It is known 
from grit blasting metals that a peak in the maximum roughness can be reached. 
Further grit blasting tends to remove the peaks left on the surface and the maximum 
roughness does not increase.
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Figure 4-20 Surface height variation over 2000 gm length for the grit blasted surface.
A number of grit blast times were performed to determine the time that would 
increase the roughness of the alumina surface significantly over the control. An 
alumina block was processed for a period of 30 -  300 s with steps of 30 s. The 
results from this experiment are shown in Figure 4-21. The roughness at 30 s has 
increased significantly over the control (shown at 0 s). The roughness values remain 
at approximately the same (higher) level from 60 s onwards, as might be expected. 
In the initial stages, a fraction of the grit blasting particles generate damage. As the 
number of impacting particles increases) with grit blasting time then the amount of 
damage increases until a steady state is reached. From this point onwards, material 
is removed but the roughness is not affected significantly.
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Figure 4-21 The roughness values for alumina which has been grit blasted for the times
shown
4.4.3 Laser Processed Sample, Setting A
Profilometry data from the surface that has been processed with laser setting A is 
shown in Figure 4-22. The roughness is greater than that of the control sample. The 
roughness was measured in two directions, X and Y because it is expected that 
directionality will occur for this sample. The X direction is perpendicular to the laser 
traverse direction. For the X direction, the Ra value was 1.2 ± 0.1 pm and the Rmax 
value was 9 ± 1 pm. The roughness in the Y direction was measured along the peak 
and trough of the surface. For the peak the Ra value was found to be 1.3 ± 0.2 pm 
and the Rmax value was 9.3 ± 0.2 pm. For the trough the Ra value was 0.9 ± 0.2 pm 
and 5.6 ± 0.2 pm was recorded for the maximum roughness.
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Figure 4-22 Surface height variation over 2000 gm length for the setting A laser ablated 
surface.
A 3D representation of the data shows small troughs on the surface, Figure 4-23. 
The 50% overlap of the laser spot has not promoted large variations in the height as 
the ablated areas are overlapping. However two small peaks can be seen. These 
are due to the Gaussian energy profile across the laser spot. The overlapped 
ablated areas will have an area where total energy supplied to the surface from the 
laser is at its lowest. It is expected this has resulted in a small peak left on the 
surface.
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Figure 4-23 3D profilometry scan o f the surface height variation over 500 pm x1000 pm area 
for alumina processed with laser setting A.
4.4.4 Laser Processed Sample, Setting B
Profilometry was carried out on the surface processed with laser setting B. Figure 
4-24 shows the measured height variation of one of the lines of the profilometry data 
set. The roughness is greater than that of the control and the surface ablated under 
laser setting A. As expected, there was some directionality for this sample. In the X 
direction the Ra value was found to be 1.3 ± 0.1 pm and the Rmax value was 
12 ± 1 pm. In the Y direction the roughness was measured in two locations, along 
the peak and trough of the surface. For the peak the Ra value in the Y direction was 
0.9 ±0.1 pm and the maximum roughness was 10 ± 1 pm. In the trough the Ra 
value was measured to be 0.91 ± 0.08 pm and the Rmax value was 8 ± 1 pm.
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Distance along surface, [im
Figure 4-24 Surface height variation over 2000 pm length for the setting B laser ablated
surface.
A 3D representation of the surface has been built, see Figure 4-25. Peaks and 
troughs are more obvious than for laser setting A. The smaller spot size focuses the 
energy into a smaller area. It would appear that the centre of the laser spot ablated 
a trough into the surface. With no overlapping of the laser spot from each traverse 
the ablated area is more distinct. Small peaks can be observed which suggests 
material has been pushed to the sides during the process. This would be expected 
to occur when the material is molten.
200 d
Trough Peak 
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Figure 4-25 3D profilometry scan o f the surface height variation over 200 x1000 pm area for 
alumina processed with laser setting B.
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4.4.6 Overall Roughness
The roughness values for the various surface treatments are compared in Table
4-2. The grit blasted surface has a higher roughness than the other surfaces. Laser 
ablation has also increased the roughness over the control surface.
Table 4-2 The roughness measured from the control, grit blasted and laser processed 
alumina surfaces.
Control,
pm
Grit blasted, 
pm
Laser setting 
A, pm
Laser setting 
B, pm
RaX 0 . 6  ± 0 . 1 1 . 8  ± 0 . 2 1 . 2  ± 0 . 1 1.3 ±0.1
RaY 0 . 6  ± 0 . 1 1 . 8  ± 0 . 2 1.3 ±0.1 1.4 ±0.1
Ra Y trough - - 0.9 ±0.1 0.9 ±0.1
Rmax X 4.6 ± 0.5 15± 1.4 9±  1 11.8 ±0.5
Rmax Y 4.6 ± 0.5 15± 1.4 9.2 ±0.8 10.3 ±0.9
Rmax Y trough - - 5.6 ± 0.2 8 ± 1
On the basis of the roughness date alone, it might be hypothesised that grit blasting 
for approximately 60 s is the most promising surface treatment as this increases the 
surface roughness which would be expected to improve mechanical interlocking 
with the adhesive and hence bond strength. However, this ignores chemical 
changes, which are the subject of the following EDX and XPS investigation.
4.5 Chemical Characterisation -  Energy Dispersive X-ray 
Spectroscopy
The composition of each surface as determined by energy dispersive x-ray 
spectroscopy is shown in Table 4-3. The EDX analysis has been used to show the 
elements present in the samples. The elements are expected to form oxides. The 
manufacturer’s data sheet states that AI2 O3 , CaO, MgO, Na^D and Si0 2  are 
present. The elements associated with this composition are found in the control and 
grit blasted surfaces. The laser ablated surfaces show that some elements are 
missing. To ascertain the chemical composition below the surface (i.e. the bulk) a 
fractured sample was used.
Table 4-3 The composition o f each surface following treatment as determined by EDX 
spectroscopy.
Composition
Element
Control, 
At. %
Fracture, 
At. %
Grit 
blasted, 
At. %
Laser 
setting 
A, At. %
Laser 
setting B 
edge, At. %
Laser setting 
B centre, 
At. %
Aluminium 36.0 34.6 31.5 39.6 39.6 39.5
Calcium 0 . 1 0 . 2 0 . 2 0 . 2 - -
Magnesium 0.3 0.4 0 . 8 - 0.4 -
Sodium 0 . 1 0.5 0 . 6 - - -
Oxygen 63.2 63.2 65.8 59.6 59.5 59.9
Silicon 0.3 1 . 1 1 . 1 0.7 0.5 0 . 6
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The manufacturer’s datasheet states the alumina contains 96 wt.% AI2O3. The 
weight percentage from the EDX spectroscopy is shown in Table 4-4. It was found 
the control surface has a greater concentration of Al2 0 3 than the fracture and grit 
blasted surface. The fracture surface allows analysis of the subsurface material and 
it shows approximately 96 wt.% AI2O3. The grit blasting process has removed 
enough material to expose the subsurface and also shows approximately 96 wt.% 
AI2O3. The laser ablation processes have removed some elements and this has 
increased the relative concentration of AI2O3.
Table 4-4 The composition o f each alumina sample determined using EDX spectroscopy.
Composition
Elements
Control, 
Wt. %
Fracture, 
Wt. %
Grit 
blasted, 
Wt. %
Laser 
setting 
A, Wt. %
Laser 
setting B 
edge, Wt. %
Laser setting 
B centre, 
Wt. %
AI2O3 98.9 96.7 95.9 98.6 98.8 98.9
CaO 0.1 0.2 0.3 0.2 - -
MgO 0.3 0.4 0.8 - 0.3 -
Na^O 0.1 0.5 0.7 - - -
SiOg 0.6 2.2 2.4 1.2 0.9 1.1
The fracture surface has slightly higher concentration of the glass forming elements, 
suggesting that these might be removed from the as-sintered surface during 
processing, leaving a slightly alumina rich surface. Not surprisingly, the grit blasted 
surface is similar to the fracture surface.
The laser is removing the glassy phase of the alumina. Laser setting A has removed 
Mg and Na completely; the energy was also sufficient to remove some Si. The 
relative concentration of Ca did not increase when the other elements were 
removed which means this was also partially removed. Laser setting B has sufficient 
energy to completely remove Ca, Mg and Na at the centre of the laser spot. At the 
edge of the laser spot Mg remains. Si and Mg have only been partially removed 
when considering that other elements have been removed completely and the 
measured atomic concentration of silicon and magnesium did not increase relative 
to the other elements. The lower energy supplied at the edge of the laser spot of 
setting B means some of the Mg has remained.
4.6 Chemical Characterisation -  X-ray Photoelectron 
Spectroscopy
The XPS results show that Al, 0, Ca, Mg, Na, O and Si, present in the surface of the 
alumina control sample (Table 4-5). The sample appears to have a minimal amount 
of carbon/organic contamination. It is inevitable that there will be some C 
contamination but up to 20% is considered acceptable for a ‘clean’ sample. The 
carbon is from the environment and excessive levels can cause poor bonding. It can 
be concluded that the carbon level is satisfactory and that the sample is ‘clean’.
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The grit blasted sample shows a remarkable increase in carbon which is almost 
certainly associated with contamination. Nitrogen and potassium were also 
detected.
The laser ablated samples show all elements that were found in the control sample 
are present. XPS is more sensitive than EDX so this is not unexpected. The 
concentration of Ca, Mg, Na and Si were reduced.
Table 4-5 The composition o f each surface treatment as determined from XPS 
spectroscopy.
Composition
Element
Control, 
At. %
Grit blasted. 
At. %
Laser setting A, 
At. %
Laser setting B, 
At. %
Aluminium 10.8 10.3 26.5 29.5
Carbon 19.1 36.3 18.5 18.4
Calcium 1.7 1.0 0.2 0.1
Magnesium 3.1 - 1.4 1.1
Sodium 5.6 1.6 2.0 1.1
Oxygen 51.4 40.8 48.1 48.8
Silicon 8.3 4.5 1.9 1.0
Other - 5.5 - -
The carbon and other elements not expected to be found in the bulk material have 
been removed from the analysis as shown in Table 4-6.
Table 4-6 The composition o f each surface treatment as determined from XPS spectroscopy 
with carbon and other elements removed.
Composition
Element
Control, 
At. %
Grit blasted. 
At. %
Laser setting A, 
At. %
Laser setting B, 
At. %
Aluminium 13.3 17.8 33.1 36.1
Calcium 2.1 1.6 0.2 0.1
Magnesium 3.9 - 1.8 1.3
Sodium 6.9 2.7 2.5 1.4
Oxygen 63.5 70.1 60.1 59.8
Silicon 10.3 7.7 2.3 1.2
To compare the compositions from each surface treatment, ratios between 
aluminium and the other elements are shown in Table 4-7. This highlights any 
changes of the elements relative to aluminium. Using the control as a baseline for 
which to compare the other surfaces confirms the increase of carbon concentration 
on the grit blasted surface. The laser ablated samples show a reduction in the 
concentration of all elements relative to aluminium. Considering that the laser 
ablation will affect the ‘glassy phase’ directly it is reasonable to expect that these 
elements to in concentration as they are vaporised. The loss of these elements may
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also result in the removal of oxygen from the surface causing this to fall relative to 
aluminium.
Table 4-7 The aluminium ratio o f each element for each surface treatment from XPS 
spectroscopy.
Aluminium ratio (Elemen divided by aluminium)
Element Control Grit blasted Laser setting A Laser setting B
Calcium 0.19 0 . 1 0 0.0075 0.0034
Carbon 1 . 8 3.6 0.71 0.63
Magnesium 0.29 - 0.053 0.037
Sodium 0.53 0.16 0.075 0.037
Oxygen 4.8 4.0 1 . 8 1.7
Silicon 0.77 0.43 0.072 0.034
If it is assumed that all the elements form the most stable oxide then the data shown 
in Table 4-8 are derived. However, this does not account for all the oxygen in the 
sample which may be bonded to contaminants.
Table 4-8 The oxygen concentration associated with the composition o f each alumina 
sample as determined by XPS.
Oxygen concentration
Element Control, At. %
Grit blasted, At.
%
Laser setting A, 
At. %
Laser setting B, 
At. %
AI2O3 20.0 26.7 49.7 54.2
CaO 2.1 1.6 0.2 0.1
MgO 3.9 - 1.8 1.3
NagO 3.5 1.35 1.3 0.7
SiOz 20.6 15.4 4.6 2.4
Total 50.0 45.1 57.5 58.7
Other
bonded
oxygen
13.5 25.0 2 . 6 1 . 1
A more detailed analysis of the peaks was carried out to provide additional 
information about the composition. Two peaks can be fitted to each element (see 
Figure 4-26).
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Figure 4-26 Peak fitted XPS spectra fo r oxygen and aluminium for the control alumina 
sample.
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A peak that has shifted to a higher energy is caused by a higher order oxygen or 
aluminium. The large peak seen in the oxygen data is associated with O^' which is 
typically bonded to form an oxide such as AI2O3. The second peak is an oxygen 
peak which has been shifted by 1.3 eV. This peak is associated with OH' bonding 
(hydroxyl groups). These are present on the surface of the sample. The aluminium 
peak has been peak fitted for the control sample. It shows two peaks and the larger 
of the two is associated with AI2 O3  for this sample. The second peak is shifted by 
0.9 eV and it is expected this corresponds to the hydroxyl groups bonded to 
aluminium at the sample surface.
The grit blasted sample has also been analysed (Figure 4-27). Peak fitting has been 
applied to the oxygen peak. The aluminium peak showed no broadening and hence 
no secondary peaks could be fitted,
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Figure 4-27 The oxygen and aluminium peaks present in the XPS spectrum from the grit 
blasted alumina sample.
There is a change to the oxygen peak. The peak is broader and this is due to a 
much larger secondary peak of OH'. This peak is shifted from the O '^ peak by 1.4 
eV. Considering the grit blasted sample was highly contaminated with a layer of 
carbon, less of the bulk material can be measured which may result in a reduction in 
the O '^ peak rather than an increase of the OH' peak, compared with the control 
sample.
The laser ablated samples show distinct differences from the control sample. The 
carbon levels are low and so a good comparison with the control alumina can be 
made. For laser setting A the aluminium and oxygen peaks have been analysed and 
peak fitting applied, as shown in Figure 4-28.
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Figure 4-28 The oxygen peaks and aluminium present in the XPS spectrum for the laser 
setting A ablated alumina sample.
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The oxygen peak has been broadened by two additional peaks to the 0^‘ peak. The 
largest peak is shifted by 1.3 eV and is associated with OH'. The smallest peak is 
shifted by 3.0 eV and is associated with higher order oxygen such as H2 O. There is 
a significant increase in the hydroxyl groups on the surface of the alumina. The 
aluminium peak can be fitted with two peaks. The larger peak refers to AI2 O3  and 
the smaller peak is shifted by 1.4 eV and is expected to be hydroxyl groups bonded 
to aluminium. As observed from the oxygen peak fitting there is a notable increase 
of the hydroxyl group concentration.
Laser setting B has been analysed at the centre of the laser spot. Peak fitting has 
been applied to the aluminium and oxygen peaks. These are shown in Figure 4-29.
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Figure 4-29 The oxygen and aluminium peaks present in the XPS spectrum for the laser 
setting B ablated alumina sample.
As found with laser setting A there are three peaks present. The largest peak has 
been shifted by 1.4 eV and the smallest by 2.9 eV; these are associated with OH' 
and H2 O respectively. The laser processing has clearly increased the hydroxyl 
group concentration on the surface of the alumina. A chemical change to the 
surface caused by the extreme heating by the laser has possibly enabled this to 
occur. Two peaks can be fitted to the aluminium curve. The two peaks are very 
similar to those observed with laser setting A. The smaller peak again shows the 
number of hydroxyl groups bonded to the aluminium atoms has increased.
Peak fitting all the elements allows a breakdown of the composition of the samples 
to be created. Table 4-9 shows the concentration of each peak as found from the 
XPS results. Silicon and calcium are found in the bulk material as confirmed by EDX 
but they may also be found on the surface of the alumina as a contaminant. In the 
bulk they will exist as an oxide. There is a large increase of the hydroxyl groups 
detected on the laser ablated samples. This suggests chemical change to the 
surface that may contribute to the adhesive bond strength. The adhesive is able to 
bond to the hydroxyl groups using hydrogen bonding. It is also indicative of a 
surface with higher surface energy.
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Table 4-9 The composition o f the alumina samples as determined using peak fitted XPS 
data.
Composition
Composition Control, At. %
Grit
blasted, 
At. %
Laser 
setting A, 
At. %
Laser setting 
B, At. %
Calcium (CaO) 1.7 1.0 0.2 0.1
Silicon (Si02) 8.3 4.5 1.9 1.0
Magnesium (MgO) 3.1 - 1.4 1.1
Sodium (Na20) 5.6 1.6 2.0 1.1
Carbon (C-C/CH) 16.0 30.8 9.4 11.8
Carbon (C-CO2 ) 1.6 3.6 6.9 3.8
Carbon (CO2 ) 1.5 1.9 1.4 1.4
Carbon (CO%) - - 2.2 1.3
Oxygen (0^ ) 41.8 27.2 19.0 20.2
Oxygen (OH ) 9.6 13.7 22.9 22.9
Higher order 
oxygen (H2 O) - - 6.3 5.6
Aluminium (AI2 O3 ) 8.5 10.3 18.6 21.8
Aluminium (OH ) 2.3 - 7.9 7.7
4.7 Sessile Drop Technique
The sessile drop technique is used to assess the wettability of a surface. A drop of 
distilled water was deposited onto the surface and the contact angle is measured. 
The results are shown in Table 4-10.
A smaller contact angle shows the surface is more able to be wetted by a liquid. The 
two main influences are surface profile and surface energy. A surface with greater 
roughness (height variation) such as the grit blasted sample can have a poor 
wettability if the liquid is unable to enter the troughs. The roughness was corrected 
using the Wenzel correction factor that takes into account the roughness of the 
surface. The correction factor removes the effects of the surface roughness from the 
measured contact angle and this means the data is applicable to the surface energy 
only. The surface energy is influenced by the chemical composition of the surface 
and any contaminants that may be present. Ultrasonic cleaning of a grit blasted 
sample found the contact angle reduced to 66 ± 2° (with a correction for the 
roughness). This suggests that the surface was contaminated by the grit blasting 
process.
It is clear that the laser ablated samples have superior wettability over the control 
sample, particularly laser setting A. To improve the accuracy of the results with 
relation to surface energy, a roughness correction factor was found for all surface 
treatments and applied to the data.
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Table 4-10 Mean contact angle measurements for each surface treatment.
Sample Distilled Water Contact Angle, ° Change
Glycerol 
Contact Angle, ° Change
Control 45 ±1 - 55 ±1 -
Grit blasted 86 ± 1 91.1% 96 ±1 74.5%
Grit blasted (Wenzel 
correction) 80 ± 1 77.8% 89 ± 1 61.8%
Grit blasted ultrasonic 
cleaned 82 ±2 82.2% - -
Grit blasted ultrasonic 
cleaned (Wenzel 
correction)
66 ±2 46.7% - -
Laser ablated setting A 14.5 ±0.5 -67.7% 30 ±1 -45.5%
Laser ablated setting B 31 ±1 -31.1% 32 ±2 -41.8%
The surface energy was calculated from the measurements taken with both liquids 
(see Table 4-11). The surface energy and particularly the polar surface energy is 
greater for the surface prepared with laser setting A. Polar surface energy is 
associated with acid-base interactions between a liquid and solid. This indicates 
increased amounts of hydrogen bonding are possible.
Table 4-11 The polar, dispersive and total surface energy for alumina with each surface 
treatment.
Sample Polar Surface Energy, mJ m ^
Dispersive Surface 
Energy, mJ m ^
Total Surface 
Energy, mJ m ^
Control 62 2 64
Grit blasted
(Wenzel
correction)
33 0.2 33.2
Laser ablated 
setting A 74 5 79
Laser ablated 
setting B 54 10 64
4.8 Concluding Remarks
Alumina has been subjected to grit blasting and laser processing, using two 
settings. Each surface treatment has been characterised. The as-fired surface was 
used as a benchmark for which to compare the grit blasted and laser ablated 
surfaces to. It was found that the grit blasting the surface increased the average and 
maximum roughness. The impact of the grit resulted in damage to the surface and 
appeared to remove whole grains. Grit blasting the surface reduced the wettability 
and this can be related to the roughness and also the chemistry of the surface. 
Further investigation of this found that the roughness was not a major contributor to
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the reduced wetting and after ultrasonic cleaning the wettability increased 
significantly. Therefore contamination of the surface from the grit blasting process is 
proposed as the cause of the reduced wettability. Chemical analysis of the surface 
found that the grit blasting removed the top layer of material and exposed the 
subsurface where more glassy phase material was present. The analysis with XPS 
also found the grit blasted surface had a significant carbon concentration which is 
consistent with the contamination of the sample.
Laser ablation of the surface resulted in mechanical and chemical changes. 
Observations using SEM suggested that the surface had reached high 
temperatures. The heat was able to round, melt and merge grains. It appeared that 
the glassy phase material between the grains had receded leaving the grains 
protruding from the surface. Measurements of the roughness showed that the 
average and maximum roughness values had increased in comparison with the 
control surface. The surface ablated with laser setting B had higher roughness than 
the surface ablated with laser setting A. The wettabilities of the laser ablated 
surfaces were significantly greater than the control surface. Laser setting A showed 
the greatest improvement. This may have implications for the adhesive bond 
strength. Laser setting B did not produce as uniform coverage of the surface as 
laser setting A and this resulted in a lower wettability than laser setting A. 
Spectroscopy of the surface using EDX and XPS found that glassy phase elements 
had been removed. Analysis of the surface of the alumina with XPS followed by 
peak fitting found a significant increase in the concentration of hydroxyl groups in 
comparison to the control. It was confirmed, through measuring the wettability that 
the surface energy had increased. In particular, the polar energy component had 
increased which is constistent with an increase in the concentration of the hydroxyl 
groups on the surface.
On the basis of these observations, the adhesive bond strength would be expected 
to be highest for alumina subject to modification by laser processing using setting A. 
The laser setting B would be expected to give surfaces and hence strengths 
comparable to the control surface, whilst bonding to the grit blasted surfaces would 
be expected to result in joints with relatively low strengths.
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5 Experimental Results and Findings of Mechanical Testing 
of Alumina Joints
5.1 Introduction
This chapter presents the results from the mechanical tests on the bonded joints. 
The results from the butt joints are presented as a function of surface preparation. 
The post failure analysis of the butt joints is presented then followed by the double 
lap joints. Finally there is a comparison in the relationship between the wettability 
and joint strength.
5.2 Tensile Butt Joints
5.2.1 Methodology
Butt joints have been used to measure the tensile strength of the adhesive joint. The 
joint comprised two pieces of ceramic bonded with a toughened epoxy adhesive. At 
least 6 joints were prepared. A schematic diagram of the joint geometry is shown in 
Figure 5-1.
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Figure 5-1 A schematic diagram showing (a) the processed area o f the sample that will be 
bonded and (b) the entire Joint Including the aluminium tabs to aid gripping.
The joints have aluminium tabs bonded to them. These tabs protect the ceramic and 
also reduce slipping of the sample in the mechanical testing grips. Aluminium is 
softer than alumina and silicon carbide and so the grips can indent the sample and 
grip the surface easier.
The samples were mechanically tested to failure using an Instron 5500R machine 
with a 100 kN load cell. The load measurement uncertainty has been confirmed by 
certification to be 0.22% for loads at 5% of the load cell capacity, 0.24% for loads at 
10% and 0.22% for loads at 20%.
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The experimental configuration is shown in Figure 5-2. The experiments followed 
American society for testing and materials (ASTM) standard D2094-00 for the 
preparation of bar and rod specimens for adhesion tests. The joints were tested at a 
rate of 1.0 mm per minute.
«6*1»
Figure 5-2 A schematic diagram and photograph o f the butt jo in t in tension.
The corners of the joints where the adhesive terminates are filleted. Filleting 
reduces stress concentrations at the edges of a joint (Crocombe and Adams, 1981). 
Figure 5-3 shows a schematic diagram of the fillets used for the butt joint.
Figure 5-3 Schematic diagram showing the fillets that can be applied to a Joint.
5.2.2 Machine Compliance
The compliance of the 5500R has been determined through mechanical testing of a 
steel rod with strain gauges attached. The machine measures the displacement of 
the complete system which is the sample and also itself. Strain gauges are used to 
measure the displacement of the sample. The machine load and displacement is 
plotted by subtracting the sample displacement from the total displacement. The 
reciprocal of the gradient of each line is the compliance. (Huerta et al. 2010)
The compliance of the ceramic can be calculated from the supplied manufacturer’s 
data. Removing the compliance of the machine and the ceramic from the data will 
leave the force and displacement change for the epoxy joint. However it is not able 
to correct for the joint slipping in the jaws of the machine. In tension the load and 
displacement graph is shown in Figure 5-4.
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Figure 5-4 Load and displacement o f the steel bar, machine and total system in tension for 
the Instron 5500R.
The compliance of the 5500R machine with the 100 kN load cell was found to be 
0.055 pm/N.
5.2.3 Results of Mechanical Testing -  Control Sample
The load with displacement for control joint number 6 is shown in Figure 5-5. The 
initial curve observed in the graph is from some slipping of the sample in the self­
tightening jaws. Following this the amount of slip reduces, this slipping means the 
displacement is not accurate. Whilst the adhesive is elastically deforming the 
stress/strain or force/displacement gradient is constant. Plastic deformation occurs 
when the gradient reduces. From maximum load the ultimate strength can be 
derived and following this load the joint will fracture. The displacement of the joint 
has been corrected for machine compliance, but slipping will be still present in the 
data. Slipping of the samples means that the energy absorbed by the joint can not 
be estimated accurately.
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Figure 5-5 Force change with displacement for the control 6 experiment.
5.2.4 Results of Mechanical Testing -  Grit Blasted Sample
The load with displacement for grit blasted joint number 9 is shown in Figure 5-6. 
The grit blasted samples have failed at a lower strength than those in the control 
group. There are three hypotheses which can explain the lower strength of the grit 
blasted joints.
• The characterisation of the surface found the number of very small pits on 
the surface increased, this can have a negative effect on wettability. The 
reduced wettability was confirmed using sessile drop technique. It may also 
result in stress concentrations at the void locations when the joint is under 
load.
• The grit blasting process introduced contamination onto the surface which 
was not removed through cleaning. XPS found a high concentration of 
carbon suggesting the samples were contaminated.
• SEM showed small tips of material present on the surface prior to bonding. 
Under stress these tips may break away from the substrate and initiate a 
crack at the interface. This can cause premature failure of the joint. Although 
the tips of alumina material were not discovered during SEM analysis of the 
failed joints.
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Figure 5-6 Force change with displacement for the grit blasted 9 experiment.
5.2.5 Results of Mechanical Testing -  Laser Setting A Sample
The load with displacement for joint laser setting A number 7 is shown in Figure 5-7. 
An increase of strength over the control group has been achieved. This 
demonstrates that the surface preparation technique has been successful at 
increasing the adhesive joint strength in tension.
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Figure 5-7 Force change with displacement for the laser ablated (setting A) 7 experiment.
5.2.6 Results of Mechanical Testing -  Laser Setting B Sample
The load with displacement for joint laser setting B number 1 is shown in Figure 5-8. 
This group showed an increase of strength over the control group. However the 
strength was lower than the laser setting A group. This suggests that the increased 
roughness caused by laser setting B has not benefitted the joint strength. The more
58
-Chapter 5-
Experimental Results and Findings of Mechanical Testing of Alumina Joints
uniform coverage of laser setting A and the changes caused to the chemistry of the 
surface indicate that the increased strength was a result of chemical changes.
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Figure 5-8 Force change with displacement for the laser setting B ablated mechanical test
on sample 1.
5.2.7 Summary of Results
The results from the mechanical testing in tension are shown in Table 5-1. The 
laser ablated samples show the bond strength has increased, particularly for laser 
setting A.
Table 5-1 Mechanical test data for the tensile strength o f the butt joints.
Sample U ltim ate S trength, MPa Change
Control 31 ±3 -
Grit blasted 28 ±2 -9.7%
Laser ablated setting A 36 ±1 16.1%
Laser ablated setting B 33 ±1 6.5%
5.2.8 Fractography
The butt joints were loaded until they failed. The failed joints were analysed to 
determine the locus of failure. Photographs and SEM micrographs of the failed 
joints are shown in Figure 5-10 to Figure 5-13. The adhesive is pink and the alumina 
is white. For the control sample the joint shows a significant amount of adhesive 
missing from the surface. SEM analysis of the surface shows exposed grains that 
are indicative of interfacial failure.
The grit blasted sample shows large areas of the substrate are exposed. The failure 
locus for all the grit blasted joints was found to be at the interface. SEM analysis of 
the surface confirms the alumina surface was not covered with adhesive in places 
and that the joint failure was interfacial.
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Grit blasted sample number 1 is shown in Figure 5-9. Air has entered the joint 
during the bonding process and this is apparent on the post failed joint. This sample 
has been removed from the data set, the associated failure load was low. It was the 
only joint to display this feature.
Figure 5-9 A post failed adhesive jo in t showing air has been trapped.
The laser ablated joints demonstrated greater adhesive bond strength in tension. 
The post failure analysis of the laser setting A samples found a cohesive failure had 
occurred. A thin layer of adhesive covered the joint surface. The samples prepared 
with laser setting B demonstrated an interfacial failure and areas of exposed 
substrate surface were found using SEM.
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Figure 5-10 The post failure jo in t for the control 
surface mechanically tested in tension, (a) shows 
a photograph o f the failed joint, (b) shows the 
surface o f alumina appears to be exposed and (c) 
shows an exposed alumina surface.
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Figure 5-11 The post failure jo in t for the grit 
blasted surface mechanically tested in tension, (a) 
shows a photograph o f the failed joint, (b) shows 
an area that appears to be exposed and (c) shows 
the alumina surface is exposed.
Mechanical Testing of Alumina Joints
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Figure 5-12 The post failure jo in t for the laser 
ablated (setting A) surface mechanically tested in 
tension, (a) shows a photograph o f the failed joint, 
(b) shows a thin layer o f adhesive on the suiface  
o f the substrate and (c) shows the alumina surface 
is not exposed.
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Figure 5-13 The post failure jo in t for the laser 
ablated (setting B) surface mechanically test in 
tension, (a) shows a photograph o f the failed jo in t 
surfaces, (b) shows a micrograph o f the edge o f 
the jo in t near the fillet and (c) shows an exposed 
area o f the alumina surface from (b).
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5.3 Double Lap Shear joints 
5.3.1 Methodology
The double lap shear joint comprised four pieces of alumina bonded in four places 
with a toughened epoxy adhesive. The double lap shear joint is shown in Figure 
5-14. At least 5 joints were prepared.
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Figure 5-14 Schematic diagrams showing (a) the processed areas o f the sample that will be 
bonded and (b) the entire jo in t including the aluminium tabs to aid gripping.
The shear experiments followed ASTM standard D3528-96, the standard test 
method for determining the strength of double lap shear adhesive joints in tension 
loading. A double lap shear joint has been used in preference to a single lap shear 
joint because it minimises any bending of the substrate as the joint rotates under 
load. The double lap shear joint is still susceptible to peel. The peel occurs because 
the outer substrates are not on the same axis as the load. This causes them to bend 
towards or away from the axis at the centre of the substrate and causes the edges 
of the substrate to lift and peel the joint. A tensile load will cause the outer 
substrates to bend towards the centre line and a compressive load, as used in this 
experiment, will cause the outer substrates to bend away from the centre line, as 
shown in Figure 5-15. A compressive load is desirable for ceramic materials 
because of their low tensile strength. The bonded area for the double lap shear joint 
is greater than that for a butt joint used for mechanical testing in tension; this is to 
comply with the standard which defines a minimum length of the bond. The effects 
of the edge of the joint is to concentrate the stress and results in a stress profile 
across the joint. A larger joint is less affected by the elevated stress profile than a 
smaller joint is (Cooper and Sawyer, 1979). The samples were tested in 
compression using an Instron 8800 mechanical testing machine with a 50 kN load 
cell. Figure 5-15.
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Figure 5-15 A schematic diagram and photograph o f the double lap jo in t being compressed 
to create a shear load in the joint.
Figure 5-16 shows a schematic diagram of the fillets used for the double lap shear 
joint. Figure 5-17 shows a photograph of the double lap shear joint fillet.
I
I
Figure 5-16 Schematic diagram showing the fillets that can be applied to a lap joint.
Figure 5-17 Photograph showing the fillet at the edge o f a joint.
5.3.2 Machine Compliance
A repeat of the compliance test carried out on the Instron 5500R machine used for 
the tensile test was carried out on the 8800 machine used for the shear 
experiments. The compliance of the 8800 machine with the 50 kN load cell was 
found to be 0.0069 pm/N, Figure 5-18.
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Figure 5-18 Load and displacement o f the steel bar, machine and total system in
compression for the Instron 8800.
6.3.3 Results of Mechanical Testing -  Control Sample
The load with displacement response of the control shear joint 6 is shown in Figure 
5-19. The displacement of the joint has been corrected to remove the displacement 
of the machine, but slipping of the joint will still be present in the data.
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Figure 5-19 Force and displacement response o f the double lap shear jo in t for the control 
sample 6.
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5.3.4 Results of Mechanical Testing -  Grit Blasted Sample
The load with displacement response of the grit blasted shear joint 2 is shown in 
Figure 5-20. The strength of the grit blasted joint was less than the control joint. This 
was also found for the mechanical testing in tension.
25000
20000
G" 15000
Ù. 10000
5000
0.10 0.20
Displacement (mm)
0.300.00 0.40
Figure 5-20 Force and displacement response o f the double lap shear jo in t for the grit 
blasted sample 2.
5.3.5 Results of Mechanical Testing -  Laser Setting A Sample
The load with displacement response of the laser setting A shear joint 1 is shown in 
Figure 5-21. The strength of the laser ablated joint was greater than the control joint. 
This was also found for the mechanical testing in tension
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Figure 5-21 Force and displacement response o f the double lap shear jo in t for the laser 
ablated (setting A) sample 1.
5.3.6 Results of Mechanical Testing -  Laser Setting B Sample
The load with displacement response of the laser setting B shear joint 2 is shown in 
Figure 5-22. The strength of the laser ablated joint was less than the control joint.
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This differs from the mechanical testing in tension. However the uncertainty of the 
tensile measurements casts doubt over any differences.
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Figure 5-22 Force and displacement response o f the double lap shear jo in t for the laser 
ablated (setting B) sample 2.
6.3.7 Summary of Results
Double lap shear joints were mechanically tested in compression. The complete set 
of test data are shown in Table 5-2 with the change of mean strength relative to the 
control also indicated. It was found that in tension the grit blasted treatment reduced 
the strength and this was also found for the shear strength. The laser ablated 
setting A surface increased the shear strength and this was also found when testing 
in tension. Laser setting B resulted in a reduced shear strength in comparison to the 
control. All surfaces show an interfacial failure.
Table 5-2 Mean adhesive join t ultimate shear strength for each surface treatment.
Sample U ltim ate S trength, MPa Change
Control 30 ± 1 -
Grit blasted 25 ± 1 -16.7%
Laser ablated setting A 32 ± 1 6.7%
Laser ablated setting B 28.6 ± 0.3 -4.7%
5.3.8 Fractography
There were two different failures that occurred; the faces that failed are shown in 
Figure 5-23. When a joint failed as shown in (b) then the substrate would push 
between the outer two substrates which would resist the movement. This resulted in 
a force constant force with displacement change after the joint failure (Figure 5-20 
and Figure 5-21 display this).
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m
Figure 5-23 A schematic diagram o f the locations o f the failed surface o f the double lap 
shear joint, (a) Diagonal faces fail and (b) Opposite faces fail.
The double lap shear joints were analysed to determine the locus of failure. All the 
joints showed exposed surfaces when examined by eye. The failed joints have been 
photographed and the images are shown in Figure 5-24 (a), Figure 5-25 (a) and 
Figure 5-26 (a). The joints have been analysed using SEM and an acute angle of 
analysis to reduce the depth the secondary electrons can penetrate the surface and 
the micrographs are shown in Figure 5-24 to Figure 5-27. It can be seen that the 
grains of the substrate are exposed and this means that the joints failed at the 
interface and not the near interface.
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Figure 5-24 The post failure jo in t for the control 
surface mechanically tested in shear, (a) 
Photograph, (b) and (c) SEM micrographs.
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Figure 5-25 The post failure jo in t for the grit 
blasted surface mechanically tested in shear, (a) 
Photograph, (b) and (c) SEM micrographs.
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Figure 5-26 The post failure jo in t for the laser 
ablated (setting A) surface mechanically tested in 
shear, (a) Photograph, (b) and (c) SEM 
micrographs.
<c)
Figure 5-27 The post failure jo in t fo r the laser 
ablated (setting B) surface mechanically tested in 
shear, (a) Photograph, (b) and (c) SEM 
micrographs.
68
-Chapter 5-
Experimental Results and Findings of Mechanical Testing of Alumina Joints
5.4 Finite Element Analysis of Bonded Joint Geometries
5.4.1 Introduction
Finite element modelling was carried out on the joints that were tested mehanically. 
The finite element model was used to predict the stress distribution across the joint 
and to highlight in particular the area that the crack may have initiated from that led 
to the failure of the joint.
5.4.2 Models
5.4.2.1 Overview
The butt joint and double-lap shear joint (based on the laser processed joints) were 
modelled on the assumption of material elasticity. The alumina was modelled using 
a Young’s modulus of 310 G Pa and a Poisson’s ratio of 0.21. The adhesive was 
modelled using a Young’s modulus of 2.1 G Pa and a Poisson’s ratio of 0.35. The 
bond line was 0.130 mm thick. A refined node mesh was used with 4800 and 5500 
elements for the tensile butt joint and double lap shear joint respectively. For node 
quadrilateral elements were used throughout. A geometrically nonlinear analysis 
was undertaken because the deflection and rotation of the joint under load can 
influence the stress. The model was solved under plane strain conditions, an 
assumption which is applicable to “thick” configurations.
5.4.2.2 Butt Joint
The finite element model of the tensile butt joint is shown in Figure 5-28. The mesh 
has been refined towards the edges of the joints where the stress is expected to be 
concentrated. The analysis was carried out to find the maximum principal stress. 
The adhesive and alumina were joined using a bonded contact. A load 
corresponding to a stress of 36 MPa was applied to one face of the joint and a fixed 
displacement in X and Y directions was applied to the opposite side. The load 
applied is representative of the failure load of the tested laser processed joints.
69
-Chapter 5-
Experimental Results and Findings of Mechanical Testing of Alumina Joints
Pressure load 
applied to face, 
equivalent to 
36 MPa
Fixed displacement^: /V \/V \A/\A /\AA/V\AAAAA
Figure 5-28 A schematic diagram o f the finite element model o f the alumina butt jo in t tested 
in tension.
S.4.2.3 Double-lap Shear Joint
The finite element model of the double lap shear joint is shown in Figure 5-29. Again 
the mesh has been refined towards the edges of the joints where the stress was 
expected to be concentrated. The analysis was carried out to find the maximum 
principal stress and von Mises Stress. A load corresponding to a stress of 83 MPa 
was applied, this load corresponds to the failure load of the laser processed double­
lap shear joints.
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Figure 5-29 A schematic diagram of the finite element model o f the double-lap joint.
5.4.3 Results
5.4.3.1 Butt Joints
A contour plot of the maximum principal stress in this geometry is presented in 
Figure 5-30. The maximum principal stress is essentially aligned with the applied 
load and is a maximum tensile stress. A plot showing the variation of stress along 
the centre of the bond line is shown in Figure 5-31. The fillet has acted to reduce the 
stress at the edge of the joint and it can be observed that the peak stress is at the 
start of the region of closest separation and this suggests that it could be the 
location where a crack may initiate.
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Figure 5-30 The contour plot showing the 1st principal stress results from the FEA analysis 
o f the alumina butt Joint tested in tension.
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Figure 5-31 A graph showing the principal stress across the bond line o f the alumina butt 
joint.
5.4.4 Double-lap Shear Joints
A von Mises contour plot of this analysis is shown in Figure 5-32. A graph of the von 
Mises and the 1®* and 2"'^  principal stresses are shown in Figure 5-33. The plots are 
shown along the middle of the bond line thickness (-0.065mm). The 2"^ principal 
stress shows a compressive load towards the left side of the bond line and a tensile 
load to the right; this is caused by the outer plates on the joint rotating about the 
middle of the bond line (-6.25mm). The fillet has acted to reduce the stress at the 
edge of the joint, it can be observed that the stress rises as the fillet narrows. A 
stress concentration in the epoxy adhesive layer can be observed at the left hand 
corner of the bond line. This could be the location at which the crack leading to the 
failure of the joint may have initiated.
72
-Chapter 5-
Experimental Results and Findings of Mechanical Testing of Alumina Joints
À
. ._
GPa.480069 ' 3 7 .7 7 9  75.0.78 ' 112 .377  149 .67 6
19.1296, 56.,4285 93 .7275  1 31 .026  168 .325
Figure 5-32 The stress contour plot from the FEA analysis o f the double lap joint, showing 
the von Mises stresses.
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Figure 5-33 A plot o f the von Mises and two principal stresses In the bond line along the 
overlap length of the double lap shear Joint.
6.4.5 Summary
The finite element analysis of the alumina joints has highlighted areas of 
concentrated stress that may have led to the failure of the joints. The stress 
concentrations are towards the edges of the joints at the narrowest point after the 
fillet.
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5.5 Effect of Wettability on the Adhesive Joint Strength
A correlation between the wettability and the adhesive bond strength can be made 
and this is shown in Figure 5-34. The failure of the adhesive joint in tension for the 
laser ablated surface treatment was cohesive and the strength of joint was limited 
by the adhesive strength rather than the interface. Improving wettability is shown to 
improve bond strength. There are other mechanisms involved with adhesive 
bonding, but it is apparent that the reason for the poor adhesive bond strength to 
alumina is that it has a low surface energy and hence poor wettability. The laser 
treatment has improved the wettability and resulted in an increased bond strength.
Control
Grit
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setting *  Shear
Q Tension
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100
Contact angle,
Figure 5-34 The strength o f the joints in tension and shear plotted with the contact angle 
measurements using distilled water.
The polar, dispersive and total surface energy of each sample has been plotted 
against tensile strength in Figure 5-35 using the surface energy data from Table 
4-11. The strength shows a trend with the polar and total surface energy 
components. The grit blasted sample had the lowest strength, then the control, laser 
setting B and the highest strength was laser setting A. The strength in relation to the 
dispersive energy component decreases with laser setting B after peaking with laser 
setting A.
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Figure 5-35 The tensile strength o f the Joints plotted with the polar, dispersive and total 
surface energy.
The polar, dispersive and total surface energy of each sample has been plotted 
against shear strength in Figure 5-36. The strength shows a trend with the polar and 
total surface energy components and it follows the trend closely for the polar 
component. This suggests that further improvements of the surface energy may 
have further benefits to the adhesive bond strength and may lead to a cohesive 
failure of the joint. It also found the strength in relation to the dispersive energy 
component decreases with laser setting B after peaking with laser setting A.
o.
♦ Polar
■ Dispersive
A Total
0.0 20.0 40.0 60.0
Surface Energy, mJ m
80.0 100.0
Figure 5-36 The shear strength o f the joints plotted with the polar, dispersive and 
surface energy.
total
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5.6 Concluding Remarks
Mechanical testing measured the tensile and shear strength of the joints. This was 
carried out on a minimum of five joints for each surface treatment. The control, grit 
blasted and both laser ablated surfaces were then analysed after failing to 
determine the locus of failure.
It was found for the joints prepared with grit blasting prior to bonding and then 
mechanical testing that the strength in both tension and shear was lower than the 
control. It is expected this is due to the contaminated surface which resulted in poor 
wettability and reduced surface energy. This caused the joint to fail at the interface.
The surfaces treated with a laser prior to bonding and then mechanical testing 
showed greater bond strength over the control sample. The post failure analysis 
found that laser setting A produced a surface that resulted in interface strength 
greater than adhesive strength. The joints failed cohesively. Laser setting B still had 
an interfacial failure but more adhesive was bonded on to each face of the joint. It is 
expected that the chemical changes to the surface contributed the joint strength. 
The wettability of these surfaces was greater than the control and in particular the 
strength of the joint shows correlation with the polar energy component of the 
surface energy.
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6 Characterisation of Silicon Carbide Samples
6.1 Introduction
This chapter will describe the methods used to modify the surfaces of the silicon 
carbide sample. Previous work on alumina found a relationship between the 
formation of hydroxyl groups, the wettability and the strength of the adhesive joints. 
Laser processing of alumina results in an increase in the hydroxyl group 
concentration and this was linked to an increase in the polar component of the 
surface energy which affects the wettability. The silicon carbide surface has been 
treated to promote hydroxyl group formation. This chapter details the results and 
discussion of the characterisation of control, air kiln refired and laser ablated 
surfaces. The aim of this research is to develop a technique based on the findings 
from alumina and thus investigate any relationship between mechanical and 
chemical changes to the surface and the bond strength.
6.2 Surface Modification of Silicon Carbide
6.2.1 Control Samples
A control sample was used as the basis with which to compare the other surface 
preparation techniques. No processing of the samples was carried out other than to 
clean the surface using a solvent wipe prior to characterisation and adhesive 
bonding.
6.2.2 Air Kiln Refired Samples
Refired samples of silicon carbide were prepared using the same material as used 
for the control. The samples were retired in air at 1100° C (preheated) for 1.5 hours 
to form an oxide layer on the surface. The temperature was fixed for the entire 
period of the firing and no controls on humidity or air flow were made. Following the 
firing, the samples were left to cool in air. One of the samples was cleaned using a 
solvent wipe and the other was left in its retired condition. This was to determine if 
surface contamination occurred using this process. Figure 6-1 shows the process of 
firing the silicon carbide samples.
Figure 6-1 Silicon carbide samples were removed from the 1100°C kiln and left to cool in air.
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6.2.3 KrF Laser Ablated Samples
Laser ablation was performed using a KrF UV excimer laser and a number of 
settings as detailed in Table 6-1. The processing was carried out in air, at room 
temperature and in an air conditioned room. These settings are based on work 
undertaken when investigating these effects on alumina. Thus by investigating the 
applied energy, speed and spot size, as derived from the alumina investigation, the 
influence of these on the silicon carbide can be understood. The energy absorbed 
by the silicon carbide is more localised to the surface than it is for alumina (Zhang et 
al. 1997, Sciti et al. 2000, Bellosi et al. 1999). This means the effect of the laser 
could be greater and so lower energy settings can also be investigated. A range of 
laser settings were investigated and results of these were used to develop further 
settings. The designation of letters to the settings used for processing silicon 
carbide are not to be confused with those used previously for alumina. The 
designation represents the chronological order the setting was used with A being 
first. The processing of the silicon carbide samples is shown in Figure 6-2.
Figure 6-2 A photograph o f the silicon carbide samples during laser processing.
78
-Chapter 6-
Characterisation of Silicon Carbide Samples
Table 6-1 The laser settings used for processing the silicon carbide samples.
Setting Fluence, 
J cm ^
Heat 
Flux, 
MW m ^
Repetition
Rate
Pulse
width,
ns
Spot
Size,
mm
Traverse 
Speed, 
mm s'^
Overlap
A 1.6 16 100 25 I.Ox 1.0 1.7 0%
B 2.0 20 100 25 1 .0 x1 0 1.7 0%
C 3.2 32 100 25 1.0 X 1.0 1.7 0%
D 4.0 40 100 25 I.Ox 1.0 1.7 0%
E 0.3 3.0 100 25 1.0 X 1.0 1.7 50%
F 0.3 3.0 100 25 1.0 X 1.0 3.4 50%
G 0.3 3.0 100 25 1.0 X 1.0 6.8 50%
H 0.4 4.0 100 25 1.0 X 1.0 1.7 50%
1 0.5 5.0 100 25 1.0 X 1.0 3.4 50%
J 0.5 5.0 100 25 1.0 X 1.0 6.8 50%
K 0.6 6.0 100 25 1.0 X 1.0 1.7 50%
L 0.8 8.0 100 25 1.0 X 1.0 1.7 50%
M 1.0 10.0 100 25 1.0 X 1.0 1.7 50%
N 1.0 10.0 100 25 1.0 X 1.0 3.4 50%
0 1.0 10.0 100 25 1.0 X 1.0 6.8 50%
P 0.5 5.0 100 25 1.0 X 1.0 1.7 50%
Q 0.5 5.0 100 25 3.0 X 3.0 5.1 50%
R 0.6 6.0 100 25 3.0 X 3.0 5.1 50%
S 0.8 8.0 100 25 3.0 X 3.0 5.1 50%
T 1.0 10.0 100 25 2.0 X 2.0 3.4 50%
U 1.5 15.0 100 25 2.0 X 2.0 3.4 50%
V 1.6 16.0 100 25 1.0 X 1.0 1.7 50%
w 2.0 20.0 100 25 I.O x 1.0 1.7 50%
X 3.2 32.0 100 25 1.0 X 1.0 1.7 50%
6.3 Initial Observations
6.3.1 Control Sample
The control sample is an as received solid state sintered silicon carbide. A 
photograph of the sample is shown in Figure 6-3.
Figure 6-3 A photograph showing the control sample.
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6.3.2 Air Kiln Refired Sample
Retiring the silicon carbide in air at 1100° Celsius for 1.5 hours is known to oxidise 
the surface (Yamamoto et al., 2008). A photograph of the air kiln retired sample is 
shown in Figure 6-4.
Figure 6-4 A photograph showing the air kiln refired sample.
6.3.3 KrF Laser Processed Samples
Processing the surface with a KrF excimer laser has exposed the surface to high 
temperatures. The lowest laser fluence trialled during the first iteration of laser 
processing was laser setting A using a fluence of 1.6 J/cm^. A photograph of the first 
iteration of the laser processed sample is shown in Figure 6-5.
Figure 6-5 A photograph showing from top to bottom, laser C, laser A, laser B and laser D.
Laser processing formed a plasma on the surface in particular the higher energy 
laser settings showed larger amounts of plasma. During ablation at 1.0 J cm‘  ^
(setting M) laser fluence and above the plasma was notably greater than lower 
energy settings. The plasma increased as the fluence increased. The plasma 
suggests that the enthalpy supplied to the surface was sufficient to cause 
decomposition. Silicon carbide has been assumed to decompose at temperatures 
greater than 2750° C (Sciti et al., 2000)
6.4 Scanning Electron Microscopy
6.4.1 Introduction
Scanning electron microscopy has been carried out to investigate the 
microstructures of the samples and any damage to the surface that may have arisen 
from the preparation techniques. The control, air kiln refired and samples treated 
using laser settings A to X have been characterised. The surface and subsurface of 
the samples were observed.
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6.4.2 Control Samples
Micrographs of the surface and subsurface show the microstructure of the sample, 
Figure 6-6. At the surface grains and pores can be seen. Some of the pores appear 
to track around large agglomerates of silicon carbide which suggests this is a 
feature resulting from the processing of this material during the mixing of the 
powders. A polished cross-section shows the subsurface material. These 
micrographs provide the baseline to which the other surfaces will be compared.
6.4.3 Air Kiln Refired Sample
The microstructure of the air kiln refired surface is shown in Figure 6-7. The 
temperature and time has been sufficient to cause the grains to become rounded 
and partially merged. The surface cracks that featured on the control surface are 
still present. The subsurface material showed no damage and no debonding of the 
oxide layer from the bulk.
6.4.4 KrF Laser Processed Samples
The micrographs of this processed surface are shown in Figure 6-8 to Figure 6-13. 
The centre of the laser spot has exposed the surface to more energy. As was 
observed with the air kiln refired surface the grains have been rounded but merging 
of the grains is less apparent. For laser setting A, no subsurface damage and no 
debonding of the oxide layer from the silicon carbide were observed.
Laser processing has been carried out using laser B with a laser fluence of 2.0 
J/cm^. The micrographs of this surface are shown in Figure 6-9. The surface shows 
some similarity to that processed with laser A. The grains have been rounded and 
show that the surface has been exposed to high temperatures. There is also a 
difference from the centre of the laser spot compared to the edge. The centre has 
supplied more energy to the surface. The high laser fluence of laser B has cause 
partial “grain merging” to occur and this shows the surface temperature has been 
higher.
Increasing the laser fluence further to 3.2 J/cmf using laser C has increased the 
amount of energy supplied to the surface and hence the temperature. The 
micrographs of the laser C processed sample are shown in Figure 6-10 and Figure 
6-11. As the laser traverses along the sample it pushes the molten silicon carbide 
surface forwards and out to the side. This results in long strand of material on the 
surface that terminates at the edge of the laser spot. There is also an area outside 
of the 1.0 X 1.0 mm square laser spot that shows a distinct difference from the rest 
of the un-exposed surface. This appears to be a heat affected zone. The energy 
supplied to the surface has caused a large amount of “grain merging” to occur. 
Surface and subsurface cracking was also observed.
A laser fluence of 4.0 J/cm^ was used in laser D. The micrographs for the sample 
prepared with this laser setting are shown in Figure 6-12 and Figure 6-13. The 
changes to the surface are similar to those observed with laser C. The heat affected 
zone is a similar size and the molten silicon carbide has been pushed out and 
forwards by the laser. The surface shows cracking that has been caused by thermal 
shock and the subsurface shows a small crack where the oxide layer has detached 
from the bulk material.
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Figure 6-6 Top, the control sample surface. 
Bottom, the control sample subsurface.
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Figure 6-7 Top, the air kiln refired sample 
surface. Bottom, the air kiln re fired sample 
subsurface.
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Figure 6-8 Top, the laser A sample surface. 
Bottom, the laser A sample subsurface.
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Figure 6-9 Top, the laser B sample surface. 
Bottom, the laser B sample subsurface.
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Figure 6-10 Micrographs o f the KrF laser 
processed silicon carbide using a fluence of 
3.2 J/cm^.
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Figure 6-11 Top, the laser C sample surface. Bottom, the laser C 
sample subsurface and a subsurface crack is highlighted.
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Figure 6-12 Micrographs showing the effect on 
the microstructure o f KrF laser processing o f 
silicon carbide at 4.0 J/cm^.
Figure 6-13 Top, the laser D sample surface. 
Bottom, the laser D sample subsurface and a 
subsurface crack has been highlighted.
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Further micrographs of the control and refired samples and those treated using 
laser setting K, M and X are shown in Figure 6-14 to Figure 6-21. Laser setting K 
was the lowest energy setting at which plasma was observed during processing. 
Laser setting M showed a significant increase in the amount of plasma and laser 
setting K was the highest energy setting used. Refiring the samples caused a 
change to the microstructure. The surface appears to have formed a glassy layer 
resulting in less pronounced grains. Considering the refiring was carried out in air 
then it may highlight that an oxide layer has formed on the surface, however further 
confirmation using spectroscopy techniques was necessary. Porosity of the surface 
was also reduced and this was expected to be a result of merging grains and the 
glassy layer. The regular openings noticed on the control surface were also less 
apparent except for the larger openings which were only reduced in size. The 
samples were air cooled which appears to have been adequate in preventing 
thermally related cracking to the surface.
Laser processing of silicon carbide was carried out using laser setting K, M and X 
which have increasing laser fluence. Increasing the laser fluence increased the heat 
flux supplied to the surface and hence a higher temperature should be reached. 
Responses to the thermal energy applied to each surface were apparent when 
compared with the control surface. Laser processing with laser setting K and setting 
M appears to show an increase in the porosity of the surface and caused the grains 
to become rounded. Changes to the grains were also found. The grain shape 
changed and showed ridges. Some grains also appeared to have merged 
suggesting the temperature had been sufficient to melt them. These features were 
not observed on the control surface.
As the laser fluence was increased to 3.2 J cm'^ (setting X) the effect it had on the 
surface was more apparent. The grains were significantly changed and it was 
proposed they had been converted to glassy phase material. The process was 
carried out in air and so it was likely that the surface was oxidised. Mounds of 
previously molten material were evident.
Laser setting 0  (Figure 6-10) was carried out at 3.2 J cm'^ with a single pass where 
the laser does not reverse the pass and overlap the previous pass as it does with 
setting X (Figure 6-18). It was found that the surface had melted and scattered 
outwards and forwards from the centre of the laser spot leaving a glassy phase 
material on the surface. Overlapping the laser pass was achieved by returning the 
laser in the opposite direction to the previous pass and overlapping this by 50% of 
the width of the laser spot. This was repeated over the entire sample surface. It was 
proposed that the temperature of the material reached melting point again on the 
second pass and that the material was pushed back causing the mounds to form.
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Figure 6-14 Micrographs o f the control silicon carbide surface showing the 
microstructure and some porosity
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Figure 6-15 Micrographs o f the refired silicon carbide surface showing the 
microstructure, some glassy phase material and reduced porosity.
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Figure 6-16 Micrographs o f the laser setting K processed silicon carbide 
surface showing the effects o f the laser processing on the microstructure.
10^111
Figure 6-17 Micrographs o f the laser setting M processed silicon carbide 
surface showing the effects o f the laser processing on the microstructure.
IO(xiii
Figure 6-18 Micrographs o f the laser setting X  processed silicon carbide 
surface showing the microstructure and glassy material on the surface.
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Comparing the laser processed sample cross-sections (Figure 6-19 to Figure 6-21) 
to the control (Figure 6-6) and refired (Figure 6-7) samples the surface appears 
smoother. There is no evidence of subsurface cracking from any of the samples, 
and no discernible differences in subsurface structure.
Laser setting K (0.6 J cm' )^
Potting compound
Si icon carbide
10 pm
Figure 6-19 A micrograph o f the cross-section o f silicon carbide processed with laser setting 
K.
Laser setting M (1.0 J cm )^
Potting compound
Laser setting X (3.2 J cm )^
Potting compound
m
Silicon carbide
IUhiu
Figure 6-20 A micrograph o f the cross- 
section o f silicon carbide processed with 
laser setting M.
#
Silicon carbide
lOjun
Figure 6-21 A micrograph o f the cross- 
section o f silicon carbide processed with 
laser setting X.
An investigation into the thickness of oxide layer of the cross-section was carried 
out using a back scattered electron detector. The oxide layer may appear as a 
different contrast from the bulk material in the micrograph. The refired (Figure 6-22) 
and laser setting X (Figure 6-23) processed samples were analysed using this 
technique. Laser setting K and M were not assessed because they did not show a 
significant increase in the glassy phase material on the surface and thus it is 
unlikely the oxide layer extends enough into the surface to be defined by back
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scattered electron SEM. It was found that the oxide layer was not thick enough to be 
observed using this technique.
Potting compound
Silicon carbide
10 pm
Figure 6-22 A back scattered electron SEM micrograph o f the refired silicon carbide cross- 
section.
Potting compound
% '':4
Silicon carbide
I (I p in
Figure 6-23 A back scattered electron SEM micrograph o f the Laser setting X  processed 
silicon carbide cross-section.
6.5 Surface Profilometry
6.5.1 Control Sample
The control sample was measured for height variation across its surface, along with 
surface roughness using contact profilometry. 2D and 3D surface maps were 
constructed to allow a comparison with the other prepared surfaces. The features of 
the surface are highlighted and allow a comparison with the treated surface to 
understand the topographical and morphological changes that have occurred, as 
well as providing supporting information for the SEM micrographs. Figure 6-24 
shows the 2D map and Figure 6-25 shows the 3D map of the control surface. There 
are small areas of elevated and retracted features of the surface. These peaks 
appear to be related to grains protruding from the surface. These peaks and troughs
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in the surface may provide mechanical interlocking with the adhesive, if it is able to 
enter the pores.
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Figure 6-24 (a) A graph showing a single line scan and (b) a 2D map of the control silicon 
carbide surface height.
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Figure 6-25 A 3D map o f the control silicon carbide surface height.
6.5.2 Refired Sample
SEM micrographs of the refired surface showed what appeared to be a surface 
glassy phase. This surface appeared smoother and with reduced pore size. 
Profilometry of this sample shows a very similar topographical and morphological 
change to the surface profile as observed using SEM. The 2D map is shown in 
Figure 6-26 and the 3D map is shown in Figure 6-27. The majority of the surface 
showed a reduced height variation. However there are small areas of peaks that 
were found, these may increase mechanical interlocking between the adhesive and 
surface. This may be a mechanism that contributes to the bond strength.
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Figure 6-26 (a) A graph showing a single line scan and (b) a 2D map of the retired silicon 
carbide surface height.
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Figure 6-27 A 3D map o f the silicon carbide surface height after refiring at 1100° C for 1.5 
hours.
6.5.3 Laser Setting K Sample
Silicon carbide was processed with a laser fluence of 0.6 J/cm^ for laser setting K. 
SEM micrographs of the surface showed a number of changes including reduced 
size of large openings, formation of small pores in the surface and the formation of 
ridges on the grains. The 2D map of this sample is shown in Figure 6-28 and the 3D 
map is shown in Figure 6-29. The small pores can be observed in the 2D map. The 
size of the areas that are protruding from the surface are reduced but the elevation 
of these areas is greater. Laser processing appeared to have removed material 
from the surface by decomposition. The amount of material removal should be 
greater at the centre of the laser spot because of the Gaussian energy distribution 
of the laser. Despite this it is not visible from the 2D or 3D map scan which suggests 
the decomposition was too small to be detected with this technique. Small 
protruding peaks can be observed on the surface and these were apparent on the 
SEM micrographs. They appear to be formed of glassy phase material as the 
surface was melted.
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Figure 6-28 (a) A graph showing a single line scan and (b) a 2D map o f the laser setting K 
processed silicon carbide surface height.
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Figure 6-29 A 3D map o f the silicon carbide surface height after processing with laser setting 
K.
6.5.4 Laser Setting X Sample
Laser setting X was the highest fluence with which the silicon carbide was 
processed. This caused distinct changes to the surface which were apparent in the 
SEM micrographs. The micrographs show what appears to be grooves in the 
surface where the amount of material has been removed varies across the laser 
spot. The grains were also not clear and what appeared to be small protrusions 
coming from the surface were visible. The 2D map is shown in Figure 6-30 and the 
3D map is shown in Figure 6-31. The small protrusions on the surface appear as the 
red speckle pattern, as they were observed to have a small diameter of roughly 
5 pm in the SEM micrographs it was difficult to resolve these using profilometry. The 
long grooves that appear in the SEM micrographs were not apparent on the 
profilometry map. This suggests that the height variation of these apparent grooves 
was too small to detect using profilometry. Previous SEM micrographs and 
profilometry of alumina processed with the same settings demonstrated a great 
height variation in the surface that was visible on the profilometry maps. During 
laser processing the plasma formed when processing alumina was much greater 
than that formed with silicon carbide. This suggests that more vaporisation and 
removal of material occurs in alumina than silicon carbide from this technique.
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Figure 6-30 (a) A graph showing a single 
processed silicon carbide surface height.
line scan and (b) a 2D map o f the laser setting .
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Figure 6-31 A 3D map o f the silicon carbide surface height after processing with laser setting 
X.
The measurements taken for the average and maximum roughness are shown in 
Table 6-2. X and Y measurements have been taken for the laser processed 
samples because the laser traversed along the Y direction and so the roughness is 
not identical in both directions. Additionally, the centre of the laser spot can be 
observed visually on the surface of the sample processed with laser setting X. 
Measurements of the roughness were taken in two separate areas for the surface 
processed with laser setting X. The first area that was measured was where the 
centre of the laser spot passed. The second area is halfway between the centre of 
the two laser traversed lines. This area was exposed to the least amount of energy 
during this process and is referred to as the edge.
Table 6-2 The profilometry results for silicon carbide for each surface type.
Sample Ra X, nm
Ra Y
centre,
nm
Ra Y
edge,
nm
Rmax X, 
pm
Rmax Y
centre,
pm
Rmax Y
edge,
pm
Control 419 ±7 - 1.5 ±0.1 -
Refired 680 ± 30 - 2.3 ±0.2 -
Laser K 520 ± 10 560 ± 20 2.58 ± 0.04 3.0 ± 0.2
Laser X 510 ±30 474 ± 6 470 ± 30 2.8 ±0.2 2.9 ±0.2 1.5±0.1
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6.6 Chemical Characterisation - X-ray Photoelectron 
Spectroscopy
X-ray photoelectron spectroscopy has been used to determine the chemistry of the 
sample surfaces. A number of different samples have been characterised; as-fired 
(control), air kiln refired dirty, air kiln refired clean (solvent wipe) and laser 
processed.
The results from the x-ray photoelectron spectroscopy of the control surface are 
shown in Figure 6-32. The results have found carbon, calcium, silicon and oxygen. 
Calcium, carbon and silicon can be in the form of contamination or bulk material. 
Peak fitting (yellow peaks in the figure) has highlighted native bonding and the 
binding energy associated with different bond possibilities. It shows that there is an 
oxidised surface with a small concentration of hydroxyl groups.
In comparison to the control the air kiln refired surfaces show a much higher 
concentration of oxygen. Refiring the sample in air has caused it to oxidise. Figure 
6-33. It has also introduced contamination to the surface which was removed using 
a solvent (isopropyl alcohol) wipe. Following the removal of the contamination the 
oxide layer was more apparent in the spectroscopy. Figure 6-34. However no 
hydroxyl groups were detected. This would not necessarily mean that this surface 
will not form strong bonds as it has been oxidised and this may still contribute to an 
increase in surface energy. The surface energy is the sum of the dispersive (van der 
Waals forces) and polar components of energy. Further investigation into this 
surface will take place to determine the wettability and the surface energy 
components.
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Figure 6-32 The XPS data for the control sample showing
carbon, silicon and oxygen peaks.
Figure 6-33 The XPS data for the air kiln re fired sample
showing carbon, silicon and oxygen peaks.
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Figure 6-34 The XPS data for the air kiln refired
(cleaned) sample showing carbon, silicon and oxygen
peaks.
98
-Chapter 6-
Characterisation of Silicon Carbide Samples
The spectroscopy results for laser processed surfaces are shown in Figure 6-35 to 
Figure 6-38. Laser processing of silicon carbide has caused a distinct change to the 
surface. The silicon has been oxidised. The surface also shows hydroxyl groups 
with a concentration higher than that seen with the control surface. These initial 
results confirm that it is possible for the laser to cause chemical changes to the 
surface. The most important change is the increase of hydroxyl groups which were 
related to the adhesive bond strength for alumina. These settings are a basis for the 
second iteration which includes an overlap of the laser processed areas as it 
traverses along the surface and this means the surface is processed more evenly.
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Figure 6-35 The XPS data for laser setting A
sample showing carbon, silicon and oxygen
peaks.
Figure 6-36 The XPS data for laser setting B sample
showing carbon, silicon and oxygen peaks.
Figure 6-37 The XPS data for laser setting C sample
showing carbon, silicon and oxygen peaks.
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Figure 6-38 The XPS data fo r laser setting D sample 
showing carbon, silicon and oxygen peaks.
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X-ray photoelectron spectroscopy has shown that there are some differences 
between each surface preparation technique. The concentrations of each element 
detected are shown in Table 6-3. Quantification of each element has highlighted 
that the refired samples have elevated oxygen content in the surface. The oxygen 
has replaced carbon in the surface to form an oxide of silicon. This is due to the 
heating of the sample to 1100° Celsius and the oxide layer has grown over time. 
The laser ablated surfaces show a similar change to this sample. The heating 
caused by the laser processing has oxidised the surface and this increases with 
increasing heat flux.
Table 6-3 Summary o f the XPS data for control, air kiln refired and laser setting A to D.
Element Control,
At.%
Retired
Dirty,
At.%
Retired
Clean,
At.%
Laser
A,
At.%
Laser
B,
At.%
Laser
c,
At.%
Laser
D,
At.%
Carbon (SiC) 14.4 0 0 3.7 0 0 0
Carbon (C- 
C/CH)
44.5 30.9 17.8 14.2 13.4 3.9 2.8
Carbon (C- 
CO2 )
12.5 14.4 3.1 4.0 2.4 1.2 0.5
Carbon (CO2 ) 0.7 2.4 4.5 0 2.5 0.5 1.8
Oxygen (0^ ) 5.7 29.6 42.7 27.6 33.5 57.3 61.1
Oxygen (OH ) 1.1 0 0 20.5 13.4 3.9 0
Higher order 
oxygen (H2O)
0 0 0 0 4.0 0 0
Silicon (SiC) 18.0 10.0 0 3.1 0 0 0
Silicon (SiOx) 2.5 10.9 31.9 26.3 29.5 31.4 33.1
Other 0.6 1.8 0 0.6 1.3 1.8 0.7
The spectroscopy results of the second iteration of laser processing are shown in 
Figure 6-39 to Figure 6-58. These results show that the chemical changes were 
dependent upon the laser parameters used. These parameters appear to influence 
the oxide and hydroxide concentration on the surface.
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Figure 6-39 The XPS data for laser setting E sample
showing carbon, silicon and oxygen peaks.
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Figure 6-40 The XPS data for laser setting F sample
showing carbon, silicon and oxygen peaks.
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Figure 6-41 The XPS data for laser setting G sample
showing carbon, silicon and oxygen peaks.
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Figure 6-42 The XPS data for laser setting H sample
showing carbon, silicon and oxygen peaks.
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Figure 6-43 The XPS data for laser setting I sample
showing carbon, silicon and oxygen peaks.
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Figure 6-44 The XPS data for laser setting J sample
showing carbon, silicon and oxygen peaks.
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Figure 6-45 The XPS data for laser setting K sample
showing carbon, silicon and oxygen peaks.
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Figure 6-46 The XPS data for laser setting J sample
showing carbon, silicon and oxygen peaks.
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Figure 6-50 The XPS data for laser setting P sample
showing carbon, silicon and oxygen peaks.
Figure 6-49 The XPS data for laser setting O sample
showing carbon, silicon and oxygen peaks.
Figure 6-47 The XPS data for laser setting M sample
showing carbon, silicon and oxygen peaks.
Figure 6-48 The XPS data for laser setting N sample 
showing carbon, silicon and oxygen peaks.
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Figure 6-54 The XPS data for laser setting T sample
showing carbon, silicon and oxygen peaks.
Figure 6-51 The XPS data for laser setting Q sample
showing carbon, silicon and oxygen peaks.
Figure 6-53 The XPS data for laser setting S sample
showing carbon, silicon and oxygen peaks.
Figure 6-52 The XPS data for laser setting R sample
showing carbon, silicon and oxygen peaks.
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Figure 6-55 The XPS data for laser setting U sample j Figure 6-56 The XPS data for laser setting V sample
showing carbon, silicon and oxygen peaks. j showing carbon, silicon and oxygen peaks.
Figure 6-57 The XPS data for laser setting W sample
showing carbon, silicon and oxygen peaks.
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Figure 6-58 The XPS data for laser setting X sample
showing carbon, silicon and oxygen peaks.
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Laser ablation has been found to oxidise the sample surface. The oxide 
concentration increased with laser fluence and for slower processing speeds. The 
hydroxyl groups also demonstrated a similar trend. For the highest fluence used for 
laser setting X, no silicon carbide was detected which suggests the thickness of the 
oxide layer has grown to be equal to or great than the depth of analysis of the XPS. 
This laser setting also indicated the greatest concentration of hydroxyl groups. 
Table 6-4 to Table 6-7 show the x-ray photoelectron spectroscopy results for laser 
settings E to X.
Table 6-4 XPS results for control and laser settings E to I.
Control,
At.%
E,
At.%
F,
At.%
G,
At.%
H,
At.%
1,
At.%
Carbon (SiC) 14.4 5.7 4.0 5.4 3.9 9.5
Carbon (C-C/CH) 44.5 32.6 11.5 23.0 57.5 48.9
Carbon (C-CO2 ) 12.5 31.6 54.7 43.7 18.1 12.5
Carbon (CO2 ) 0.7 7.6 1.2 8.2 0 5.0
Oxygen (0^ ) 5.7 12.3 10.0 8.8 6.6 7.8
Oxygen (OH ) 1.1 2.9 2.1 1.4 2.9 3.2
Higher order oxygen 
(H2O)
0 0 0 0 0 2.1
Silicon (SiC) 18.0 4.8 4.2 4.7 2.9 7.4
Silicon (SiOx) 2.5 0.6 5.9 1.9 3.0 3.4
Other 0.6 1.9 6.4 2.9 5.1 0.2
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Table 6-5 XPS results for laser settings J to O.
J,
At.%
K,
At.%
L,
At.%
M,
At.%
N,
At.%
0,
At.%
Carbon (SiC) 9.5 8.7 2.7 2.5 2.2 6.4
Carbon (C-C/CH) 51.8 45.3 39.1 32.7 38.1 45.4
Carbon (C-CO2 ) 10.3 12.8 14.6 4.9 18.4 17.1
Carbon (CO2 ) 4.7 6.9 0 5.5 4.8 4.8
Oxygen (0^ ) 7.6 8.4 6.3 12.9 6.9 5.9
Oxygen (OH ) 3.8 5.0 15.6 19.7 11.9 6.0
Higher order oxygen 
(H2O)
0.9 0.9 5.2 4.0 5.0 0.8
Silicon (SiC) 7.6 8.3 2.7 2.9 2.1 6.2
Silicon (SiOx) 2.7 3.3 12.8 14.9 8.4 3.6
Other 1.1 0.4 1.0 0 2.2 3.8
Table 6-6 XPS results for laser settings P to T.
P,
At.%
Q,
At.%
R,
At.%
s,
At.%
T,
At.%
Carbon (SiC) 9.0 9.1 8.3 3.2 2.8
Carbon (C-C/CH) 48.1 51.5 50.5 48.3 46.2
Carbon (C-CO2 ) 14.0 11.2 12.0 5.7 3.5
Carbon (CO2 ) 5.6 5.0 4.7 5.6 1.1
Oxygen (0^ ) 4.3 1.6 4.6 1.3 5.6
Oxygen (OH ) 4.7 8.7 8.1 22.0 19.6
Higher order oxygen 
(H2O)
2.0 1.5 1.0 1.3 4.7
Silicon (SiC) 8.9 9.3 8.6 2.9 4.1
Silicon (SiOx) 3.4 1.9 2.2 9.5 12.4
Other 0 0.2 0 0.2 0
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Table 6-7 XPS results for laser settings U to X.
u,
At.%
V,
At.%
w,
At.%
X,
At.%
Carbon (SiC) 2.7 2.0 1.3 0
Carbon (C-C/CH) 4.4 5.5 4.2 2.5
Carbon (C-CO2 ) 0.4 2.8 0 0.5
Carbon (CO2 ) 0 0 0 0
Oxygen (0^ ) 17.1 18.2 9.7 4.7
Oxygen (OH ) 36.0 36.4 43.4 50.1
Higher order oxygen 
(H2O)
8.9 5.6 11.4 6.2
Silicon (SiC) 1.9 2.0 1.3 0
Silicon (SiOx) 28.3 27.0 28.5 33.7
Other 0.3 0.5 0.2 1.7
A comparison can be made between the formation of silicon oxide and hydroxyl 
groups with the laser fluence, as shown in Figure 6-59. It was found that increasing 
laser fluence up to 3.2 J cm'^ resulted in increased silicon oxide and hydroxyl group 
concentration. All other laser settings were unchanged. An asymptote was not 
reached suggesting that the concentration could be increased further with greater 
fluence.
60.0
50.0
40.0
30.0
Oxide
20.0 Hydroxyl
10.0
0.0
0.0 0.5 1.0 1.5 2.0
Laser Fluence, J cm
2.5 3.0 3.5
Figure 6-59 A graph showing the effect o f laser fluence on the oxide and hydroxyl formation
on the surface o f silicon carbide as measured by XPS.
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Laser processing speed has an effect on the total amount of energy deposited onto 
the surface and a comparison was made between this and the oxidised silicon and 
hydroxyl group concentration. It was found that decreasing the traverse speed 
increased the concentration, Figure 6-60.
25.0
20.0
15.0
Oxide
10.0
Hydroxyl
5.0
0.0
0.0 2.0 4.0
Traverse speed, mm s
6.0
Figure 6-60 A graph showing the effect o f traverse speed on the oxide and hydroxyl
concentration measured using XPS.
These results suggest that the parameters used have an influence on the oxide and 
hydroxyl groups formed. The parameters each control the energy supplied to the 
surface. Therefore the parameter that controls the effect on the surface is the total 
supplied energy per area of the ceramic surface, Ejotai- Based on these findings an 
equation was developed to calculate, Ejotai-
‘Total
EiRLq
AT, Equation 6-1
Eiotai = Total supplied energy per area (J mm'^)
E| = Laser pulse energy (J)
A = Laser spot area (mm^)
R = Repetition rate (Hz)
Lo = Laser traverse overlap (i.e. the laser will pass back over the previous 
processed line by half its spot width which is a 2 times overlap).
Ts = Traverse speed (mm s'^)
The laser fluence and traverse speed settings are related to each other as they both 
control the amount of energy supplied to an area on the surface. The repetition rate 
also affects the total supplied energy per area. Figure 6-61 shows the effect of
110
-Chapter 6-
Characterisation of Silicon Carbide Samples
changing laser fluence, traverse speed and spot size on the formation of hydroxyl 
groups on the surface. They show a trend between the total supplied energy per 
area and the concentration of hydroxyl group formation. Figure 6-62 shows the 
relationship between total energy supplied per area and the oxide concentration. 
Both show similar trends and it demonstrates the concentration of each can be 
controlled by the combination of settings. This shows that the process is scalable 
and higher production rates can be achieved.
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Figure 6-61 A graph showing the effect o f the total supplied laser energy per area on the 
silicon carbide surface on the hydroxyl group concentration.
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Figure 6-62 A graph showing the effect o f the total supplied laser energy per area on the 
silicon carbide surface on the oxide concentration.
6.7 Sessile Drop Technique
Following the methodology described for alumina (Chapter 4). The wettability of a 
surface is influenced by surface roughness and chemical features of the surface. 
These changes have been characterised previously and changes to both were 
found. The most distinctive change is the chemistry of the surface where hydroxyl 
groups have formed. These suggest an increase in the surface energy and this may 
help improve the adhesive bond strength. The surface energy has been broken 
down into polar (acid-base) and dispersive (Van der Waals forces) components.
The results are shown in Table 6-8. It was found that refiring and laser processing 
increased the wettability and surface energy of the surface. The surface processed 
with laser setting X was found to be just within the criteria to be superhydrophilic 
(water contact angle of less than or equal to 10°). Many of the measurements taken 
for the laser setting X processed surface were below 7° which the sessile drop 
equipment is unable to measure and so it is likely the contact angle is less than 10° 
on average. This sample had a high surface energy with the majority of this energy 
contributed from the polar component. Laser setting K was also assessed and it 
was found to have similar surface energy to the refired sample.
Table 6-8 This table shows the contact angle and surface energy for each surface 
preparation technique.
Contact Angle, ° Surface Energy, mJ m ^
Sample Water Glycerol Polar Dispersive Totai
Control 84 ± 1 67 ± 1 3 38 41
Retired 41 ±2 41 ± 1 47 10 57
Laser K 49 ± 1 58 ± 1 58 1 59
Laser X 10± 1 24 ± 1 71 7 78
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6.8 Concluding Remarks
Control, refired and laser processed samples were prepared and characterised. A 
number of techniques were used to understand the mechanical and chemical 
surface changes.
A control surface was used as a basis to compare with the other preparations. This 
surface was found to consist of mostly silicon carbide with a very small amount of 
hydroxyl groups. The wettability was very poor at 84 ± 1°.
Refiring was undertaken at 1100° C for 1.5 hours resulting in surface oxidisation.
The microstructure showed the formation of a glassy phase material and reduced 
pore size on the surface. XPS of the surface found that the sample had been 
oxidised but no hydroxyl groups were formed. The wettability of the surface had 
improved to 41 ± 2°. The refired sample had been oxidised and despite no 
improvement of hydroxyl group concentration the surface had greater surface 
energy and wettability.
A range of laser settings were characterised to understand the effect of the laser 
parameters on the sample. The main focus was on the chemical changes to the 
surface with respect to oxide, carbide and hydroxyl content of the surface. Laser 
setting K, M and X were characterised. Laser setting K was selected for wettability 
analysis because it was the lowest energy at which morphological changes were 
observed on the surface. Laser processing with this setting also caused some 
chemical changes through oxidation and formation of hydroxyl groups. Wettability 
measurements found a similar wettability and surface energy to the refired surface.
Laser setting M was found to be the point when observed plasma formation was 
notably greater than lower laser fluences. Characterisation of this surface found 
morphological changes and the surface was oxidised and hydroxyl groups had 
formed. Following XPS it was deemed that it was not a suitable setting to process 
silicon carbide with because laser setting X had a greater hydroxyl group 
concentration.
Laser setting X showed the greatest changes to the morphology with no crystalline 
microstructure visible at the surface. When using XPS it was found that the surface 
was oxidised and had 50.1 at.% hydroxyl groups present. Wettability measurements 
of the surface were carried out and a contact angle of 10 ± 1° when using distilled 
water was observed. The surface energy was also found to be greater than the 
control surface.
A relationship between the laser settings and the amount of energy supplied per 
area on the surface was found. It was observed that there was a strong trend 
between the energy supplied per area and the oxide and hydroxyl concentration. 
This means the laser settings can be used to control the oxide and hydroxyl 
concentration of the surface. This suggests the process could be scaled to increase 
throughput and hence improve commercial viability. Laser settings such as traverse 
speed could be increased as long as other settings were increased to maintain a 
certain value of energy supplier per area by the laser.
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7 Experimental Results and Findings of Mechanical Testing 
of Silicon Carbide Joints
7.1 Introduction
Mechanical testing was carried out on silicon carbide joints that have been bonded 
using epoxy. Four sets of samples were tested in tension and three sets of samples 
were tested in shear. Refired and laser processed data was compared with the 
control data to identify differences in strength and the failure locus. Scanning 
electron microscopy was used to confirm the failure locus of the joints. The data has 
been corrected for machine and ceramic compliance but not sample slip in the 
grips.
7.2 Tensile Butt Joints
7.2.1 Methodology
To measure the tensile strength of the silicon carbide/epoxy joints a similar setup to 
that used for alumina was used. The test followed ASTM standard D2094-00. The 
joint geometry is shown in Figure 7-1
(a)
Side View
50.0 mm
10.5Î
Bond line thickness, 0.50 mm
Ceramic Ceramic 10.0 12.2 mm mm
Top V iew
50.0 mm 30.0 mm
i
Aluminium# Aluminium
- -
t
50.0mm
100.50 mm
(b)
Figure 7-1 A schematic diagram showing (a) the processed area o f the sample that will be 
bonded and (b) the entire jo in t including the aluminium tabs to aid gripping.
The silicon carbide samples are wider than the alumina samples and so the Instron 
8800 was used with a 50 kN load cell. The load measurement uncertainty has been 
confirmed by certification to be 0.22% for loads 20-100% (10-50 kN) of the load cell 
range. The compliance of the 8800 machine with the 50 kN load cell was found to 
be 0.0069 pm/N.
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7.2.2 Results of Mechanical Testing -  Control Sample
The load displacement graph of a control butt joint is shown in Figure 7-2. A 
catastrophic failure of the joint was observed with no plastic deformation. The 
control samples failed with the lowest loads in comparison to the refired and laser 
processed samples.
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Figure 7-2 Force and displacement response o f the control silicon carbide jo in t tested in
tension.
7.2.3 Results of Mechanical Testing -  Air Kiln Refired Sample
The load displacement graph of the refired butt joint is shown in Figure 7-3. The 
load to failure is greater than observed with the control. These joints also 
demonstrated a catastrophic failure with no plastic deformation.
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Figure 7-3 Force and displacement response o f the refired silicon carbide jo in t tested in 
tension.
7.2.4 Results of Mechanical Testing -  Laser Setting K Sample
Two sets of laser processed samples were tested. The load displacement graph for 
laser setting K processed butt joint is shown in Figure 7-4. The load to failure was 
similar to the refired sample and these joints also failed catastrophically.
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Z  4.0
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0.0
0.1 0.3 0.4 0.5
Extension, mm
0.2 0.6 0.90.7
Figure 7-4 Force and displacement response of the laser setting K processed silicon carbide
Joint tested in tension.
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7.2.5 Results of Mechanical Testing -  Laser Setting X Sample
The load displacement graph for the laser setting X is shown in Figure 7-5. The load 
to failure of these joints was greater than the other samples. The sample appears to 
show some plastic deformation although sample slip can also contribute to the 
appearance of this on the graph.
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Figure 7-5 Force and displacement response o f the laser setting X  processed silicon carbide 
jo in t tested in tension.
7.3 Double Lap Shear Joints
7.3.1 Methodology
The double lap shear joint comprised four pieces of silicon carbide bonded in four 
places with a toughened epoxy adhesive. The double lap shear joint is shown in 
Figure 7-6. At least 5 joints were prepared. These were tested using an Instron 
8800 mechanical testing machine and following ASTM D3528-96, the same 
procedure used for the alumina joints.
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Figure 7-6 Schematic diagrams showing (a) the processed areas o f the sample that will be 
bonded and (b) the entire jo in t including the aluminium tabs to aid gripping.
7.3.2 Results of Mechanical Testing -  Control Sample
The load displacement graph for the control double lap joint tested in shear is 
shown in Figure 7-7. The joint failed at low load in comparison to the refired and 
laser processed joints. The failure was catastrophic with no evidence of plastic 
deformation. A similar outcome was found for the control samples tested in tension.
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Figure 1-7 Force and displacement response o f the control silicon carbide Joint tested in 
shear.
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7.3.3 Results of Mechanical Testing -  Air Kiln Refired Sample
The load displacement graph for the refired double lap joints tested in shear is 
shown in Figure 7-8. The joint failed at a greater load than the control joint. The 
failure was found to be in the ceramic material which indicates the maximum 
adhesive bond strength for this type of joint was achieved. The joint may slip in the 
grips of the testing machine and so it is unclear as to whether there was any plastic 
deformation of the adhesive.
0.5 1.5 2.5
Extension, mm
Figure 7-8 Force and displacement response o f the re fired silicon carbide jo in t tested in
shear.
7.3.4 Results of Mechanical Testing -  Laser Setting X Sample
The load displacement graph for the laser processed double lap joint is shown in 
Figure 7-9. The outcome from this set of samples was similar to that observed with 
the refired samples. The ceramic failed preferentially instead of the adhesive. The 
joint also may slip in the jaws which makes it unclear as to the plastic deformation. 
The strength of the laser processed joints was similar to that of the refired joints.
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Figure 7-9 Force and displacement response o f the laser setting X  silicon carbide jo in t 
tested in shear.
7.4 Summary of Results
Mechanical testing was carried out in tension and shear. The results are shown in 
Table 7-1. Following the results of the laser processed samples, it was decided that 
testing the shear strength of the laser setting K joints was not necessary because 
laser setting X demonstrated greater strength in tension and the refired sample 
demonstrated a similar strength in tension. The control surface has poor adhesive 
bond strength and the refired and laser setting K processed samples improved the 
strength by 18%. Laser setting X improved the strength by 109%. In shear, the 
refired and laser setting X processed samples demonstrated high bond strength. 
The failure locus of the joint was within the ceramic and not within the adhesive 
layer. As a result both refired and laser setting X joints failed with a similar strength.
Table 7-1 Mechanical testing results for each surface preparation.
Sample Tensile Strength, MPa Shear Strength, MPa
Control 11.0±0.9 6±  1
Refired 13±2 31 ±2
Laser K 13± 1 N/A
Laser X 23 ±2 28 ± 1
These results were expected to be closely related to the chemical changes to the 
surface as they show a similar increase in strength as surface energy increased. 
Surface energy is known to influence the adhesive bond strength because it 
increases the wettability of the surface and the amount of bonds produced to the 
adhesive. Relating this back further to the chemical changes that have occurred it is 
hypothesised that the formation of an oxide and hydroxyl groups on the surface of
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silicon carbide has resulted in improved adhesive bond strength. The formation of 
hydroxyl groups on the laser processed surfaces was greater than the refired 
surface. In particular the surface processed with laser setting X demonstrated the 
greatest increase in hydroxyl groups and surface energy in comparison to all the 
other surfaces. This suggests that the joint strength is related to the hydroxyl group 
concentration and the resulting surface energy.
7.5 Effect of Wettability on the Adhesive Joint Strength
It was found that the tensile strength increased with contact angle and surface 
energy, see Figure 7-10 to Figure 7-13. In particular the polar component of the 
surface energy showed a trend with the bond strength. For the samples tested in 
shear the failure loci of the refired and laser processed joints was in the ceramic and 
so the results appear to plateau as the maximum strength of this particular ceramic 
is reached. The polar component of surface energy appears to have a strong 
influence on the adhesive joint strength which was also found for alumina. It is 
theorised that the surface is more likely to produce hydrogen bonds with the 
adhesive when the surface has a greater polar surface energy. This energy 
component has been associated with the formation of hydroxyl groups on the 
surface. The hydroxyl groups are able to form hydrogen bonds to the adhesive 
through acidic or basic sites interacting with either the oxygen or hydrogen. The 
surface processed with laser setting X demonstrated the highest strength and the 
highest concentration of hydroxyl groups. This suggests the cause of this strength 
was due to the greater number of participating hydroxyl groups.
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Figure 7-10 Tensile strength as a function o f contact angle with water shows that increasing 
wettability is linked to increasing strength.
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Figure 7-11 Polar, dispersive and total surface energy for each sample shown with the 
corresponding tensile strength.
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Figure 7-12 Shear strength as a function of contact angle with water.
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Figure 7-13 Polar, dispersive and total surface energy for each sample shown with the 
corresponding shear strength.
7.6 Fractography of the Tensile Butt Joints
The failed joints were analysed to determine the locus of failure. The joints were 
inspected visually and using scanning electron microscopy. One of the failed control 
surfaces for the tensile butt joint is shown in Figure 7-14. One half of the joint shown 
at the top of the photograph had the majority of the adhesive attached. Part of the 
adhesive layer appears lighter because it had detached from the silicon carbide 
surface. There was no adhesive on the mating face (below).
Figure 7-14 A photograph o f the failed control butt joint.
Analysis with scanning electron microscopy confirmed that lack of adhesive bonded 
to the surface, Figure 7-15. Therefore the failure was concluded to be at the 
interface between the silicon carbide surface and the adhesive.
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3 0  pm
Figure 7-15 A micrograph o f the failed control sample tested in tension.
The refired joint was also tested to failure in tension. It demonstrated a high joint 
strength and this is evident in the failed joint. A photograph of one of the failed joints 
is shown in Figure 7-16. The adhesive layer was mostly attached to the lower face 
as shown in the photograph, however some of the adhesive remains attached to the 
upper surface. The failure appears to be interfacial, which in this example appears 
to be a result of a local defect/feature in the adhesive layer.
Figure 7-16 A photograph o f the failed refired butt joint.
Further analysis of the surface using scanning electron microscopy determined the 
location of the failure was at the interface between the silicon carbide and the 
adhesive. The surface was exposed and grains were visible. Figure 7-17.
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Figure 7-17 A micrograph o f the failed refired jo in t tested in tension.
Laser processing resulted in the greatest increase in the adhesive joint strength. 
The failed joint is shown Figure 7-18. The failure is significantly different from the 
other surfaces. The adhesive has remained bonded to both sides of the joint. The 
failed adhesive layer has a significant height variation across the surface, Figure 
7-19.
Figure 7-18 A photograph o f the failed butt jo in t that was laser processed.
Figure 7-19 A photograph o f the failed laser processed jo in t showing the alternating crack.
To further investigate this feature some of the adhesive was removed from the 
surface. It was found that the thickness of the adhesive correlated with the laser
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ablated track. The peak of the adhesive thickness was found to be located at the 
centre of a laser processed track and the trough was found to be at the centre of the 
adjacent but one track. A photograph of the surface with the adhesive removed is 
shown in Figure 7-20. A graph of the failed adhesive surface height and also the 
Gaussian energy profile of each laser pass are shown in Figure 7-21. The same 
effect was found on the mating face.
Trough
Figure 7-20 A photograph showing the surface after some o f the adhesive removed from the 
failed laser processed sample.
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Figure 7-21 A graph showing the height variation o f the failed adhesive across the surface 
and the normalised energy o f each pass with the laser.
The distinct pattern of the failed adhesive was representative across the width of the 
joint. Figure 7-22 shows a 3D map of the surface. The peaks and troughs of the 
adhesive were typical of an alternating crack (Akisanya and Fleck, 1992).
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Figure 7-22 A 3D map o f the failed adhesive layer from the laser processed jo in t tested in 
tension.
The formation of an alternating crack may have initiated from a crack at the 
interface. This may be due to the non-uniform processing of the surface due to the 
Gaussian energy profile of the laser resulting in the strength of the bond at the 
interface being variable. This means that the crack may initiate at the weak area of 
the joint on either interface and growth occurs when the crack deviates through the 
adhesive to form a crack on the opposing side. The adhesive height correlates with 
the ablated areas which suggest that there was a varying strength across the 
surface. The alternating crack has an angle that decreases relative to the adherend 
as it approaches the surface. This can be a result of the stiffer adherend in 
comparison to the adhesive (Akisanya and Fleck, 1992). This acts to “turn” the 
crack away from the surface (Akisanya and Fleck, 1992).
Scanning electron microscopy was used to identify the difference between the 
alternating thickness of adhesive across the surface. It was found that the surface 
was entirely covered by adhesive but some areas were thinner than others. The 
adhesive layer was thin enough to allow electrons to pass through it and some of 
the features of the ceramic surface were partially visible. Figure 7-23. The failure is 
confirmed to be cohesive within the adhesive and near interfacial.
127
-Chapter 7-
Experimental Results and Findings of Mechanical Testing of Silicon Carbide Joints
s
I
30^111
(a) (b)
Figure 7-23 Two micrographs showing the alternating crack surface o f the failed laser 
processed tensile joint, (a) a thin layer o f adhesive), (b) a thick layer o f adhesive.
7.7 Fractography of the Double Lap Shear Joints
Double lap shear joints were also tested to failure to determine the shear strength. 
The control joint was found to fail at a low load. Figure 7-24 shows a diagram of the 
double lap joint with the faces labelled to assist with understanding the photographs 
of the failed joints shown. Photographs of a failed control double lap joint are shown 
in Figure 7-25. The failure locus appears to be at the interface, leaving one side of 
the joint with no bonded adhesive. ,
Figure 7-24 A diagram o f part o f the double lap shear jo in t showing the labelled faces that 
failed and a reference point marked, 0.
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(a)
(c) (C)
Figure 7-25 Photographs o f the failed jo in t surfaces for the control double lap joint, showing 
the adhesive remaining on one surface (right photographs).
Analysing the surface with scanning electron microscopy (Figure 7-26) it was 
observed that the grains were exposed and no evidence of the adhesive layer was 
found. This confirms the failure was located at the interface between the adhesive 
and the silicon carbide surface.
SOfini
Figure 7-26 A micrograph o f the silicon carbide surface from the failed control double lap 
shear joint.
The refired joints tested in shear demonstrated a different failure mechanism and 
strength. The failure of the joint was cohesive in the ceramic. It demonstrates that 
the maximum joint strength possible was achieved in shear. The failure of the 
surface appears to have occurred from a concentration of stress in the ceramic. The
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cause of the concentration is expected to be a result of the geometry of the joint. 
The interface was stronger than the stress concentrated area in the ceramic which 
caused the failure locus to move. Photographs of one of the failed joints are shown 
in Figure 7-27. It can be observed that the ceramic has failed from the shear and 
bending load. A portion of the failed material has remained bonded to the opposing 
face of the joint.
(a) (b)
Figure 7-21 Photographs o f the failed jo in t surfaces for the refired double lap joint, the right 
hand photographs show the ceramic from the opposing side attached to the surface.
The laser processed surface demonstrated a similar failure as the refired surface. 
The joint failed cohesively in the ceramic which was similar to the refired samples. It 
was found that processing technique did not reduce the strength of the ceramic and 
so the joint failed at a stress concentration in the ceramic due to the greater load in 
comparison to the control samples. Photographs of one of the failed joints are 
shown in Figure 7-28.
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(c)
Figure 7-28 Photographs o f the failed Joint surfaces for the laser processed double lap joint, 
the left hand photographs show the ceramic from the opposing side attached to the surface.
A small amount of the surface that was adhesively bonded was left exposed after 
the failure. This was analysed using scanning electron microscopy. It was found that 
this had a thin layer of adhesive. The thin layer reduces the pronounced features of 
the laser processed surface and also some cracks were observed in the adhesive, 
Figure 7-29.
■
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Figure 7-29 A micrograph showing a thin layer o f failed adhesive on top of a laser processed 
silicon carbide surface.
The failure of the refired and laser processed joints in shear occurred in the 
ceramic. All the joints failed within the outer ceramic piece (Figure 7-24 a and c), 
leaving material attached to the outer cover plates (Figure 7-24 b and d). The refired 
and laser processed joints were able to withstand much greater loads than the
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control joints. This resulted in greater concentrations of stress within the ceramic 
materials and caused the ceramic to fail. The concentration is expected to be 
caused by a combination of the shear and bending load in the ceramic. An 
alternative geometry could be considered to refine this data further and perhaps see 
either a greater strength or the failure locus to move to the adhesive. Alternative 
geometry has been proposed in other research (Ferraris et a i 2013).
7.8 Finite Element Analysis of Bonded Joint Geometries
7.8.1 Introduction
Finite element modelling was carried out on the joints that were tested 
mechanically. The finite element model was used to predict the stress distribution 
across the joint and to highlight in particular the area that the crack may have 
initiated from that led to the failure of the joint. The models were setup as described 
in chapter 5.4 and the minor differences are highlighted in the next section.
7.8.2 Models
A butt joint and double-lap shear joint based on the laser processed joints was 
modelled. The silicon carbide was modelled using a Young’s modulus of 410 G Pa 
and a Poisson’s ratio of 0.17. The adhesive was modelled using a Young’s modulus 
of 740 MPa and a Poisson’s ratio of 0.35. A bond line thickness of 0.5 mm was 
used. A load corresponding to a stress of 23 MPa was applied to the tensile butt 
joint and 60 MPa was applied to the double lap shear joint. These represent the 
failure loads of the laser processed joints that were tested.
7.8.3 Results
7.8.3.1 Butt Joint
The maximum principal stress results from this analysis are shown as a contour plot 
in Figure 7-30. As expected the fillet acts to reduce the stress concentration at the 
edge of the joint. A graph showing the stress along the centre of the bond line is 
shown in Figure 7-31. A peak stress can be observed as the fillet narrows at the 
point the adhesive layer thickness is constant, 0.5 mm. The location of this peak 
stress suggests it may be the point of initiation of the crack that leads to the failure 
of the joint.
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Figure 7-30 The results from the FEA analysis o f the silicon carbide butt jo in t tested in 
tension.
24
1st Principal 
von Mises
20
17
15
»
11
S
6
6
%
Figure 7-31 A graph showing the maximum principal stress and the von Mises stress across 
the bond line in the silicon carbide tensile butt Joint.
7.S.3.2 Double-lap Shear Joint
The von Mises stress results are shown as a contour plot in Figure 7-32. The 
graphs of the outer adherend stress near the bond line interface, the bond line 
stress and the inner adherend stress also near the bond line are shown in Figure 
7-33 to Figure 7-35. In comparison to the alumina double lap shear joint the stress 
distribution across the bond line is more even; this can be attributed to the greater 
stiffness of the silicon carbide in comparison to alumina.
An uneven stress distribution can be observed in the outer plate of the joint. This 
has been caused by this part rotating. This has resulted in a large stress within this 
ceramic at the right had side of the bond line. A compressive stress has contributed
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to a large von Mises stress. The inner adherend also demonstrates a large von 
Mises stress, however a large tensile component has contributed to this. This 
appears to be associated with the outer adherend bending. This tensile stress may 
have led to the failure of the ceramic at this location resulting in the failure of the 
joint.
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Bond line
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Figure 7-32 The results from the FEA analysis o f the double lap shear joint.
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Figure 7-33 A graph showing the von Mises and principal stresses near to the bond line 
within the outer adherend.
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Figure 7-34 A graph showing the von Mises and two principal stresses near within the bond 
line.
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Figure 7-35 A graph showing the von Mises and principal stresses near to the bond line 
within the inner adherend.
7.8.4 Summary
The results from the finite element analysis show stress concentrations in the joints. 
The real butt joint failed within the adhesive and a stress concentration can be 
observed in the model within the adhesive layer, close to the interface at the 
narrowest point of the fillet. In shear the real joint failed within the ceramic 
adherend. The model shows a stress concentration within the ceramic and this 
suggests this was where the crack initiated from and caused the ceramic to fail.
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7.9 Concluding Remarks
The failure locus of tensile and shear joints was assessed using scanning electron 
microscopy. It was found that the laser setting X processed tensile Joints had 
resulted in a cohesive failure of the adhesive. The adhesive layer also demonstrated 
an alternating crack that appeared to correspond with the laser processed areas on 
the surface. This suggests there was some variance of the strength across the joint 
which has “guided” the crack during the failure. The other prepared joints had failed 
at the interface between the adhesive and the ceramic. In shear, the refired and 
laser processed joints demonstrated a cohesive failure of the ceramic. This 
occurred whilst at high load and suggests that a stress concentration within the 
ceramic was the cause. Finite element analysis of the joints showed that a tensile 
stress concentration within the ceramic may have led to the failure.
The strength of the adhesive joints was influenced by the wettability of the surface.
In comparison to the control it was found that the wettability and surface energy had 
increased following refiring and laser processing. The surface processed with laser 
setting K had similar wettability to the refired sample and the tensile strength was 
also similar. Laser processing with setting X resulted in the greatest improvement in 
wettability and surface energy, in particular the polar components of the surface 
energy. The joints demonstrated the greatest bond strength and a cohesive failure 
of the adhesive. Due to the ceramic failure during the shear test the effect of 
wettability is not clear.
136
8-Chapter 8-
Mechanical Testing of Alumina and Silicon Carbide Samples
Mechanical Testing of Alumina and Silicon Carbide 
Samples in 4-point Bending
8.1 Introduction
This experiment will determine if there are any differences between the strength of 
the materials as a result of the surface preparation technique. In-order to assess the 
strength of the alumina samples and the effects of the surface preparation 
technique the 4 point bending technique was utilised. The samples were tested to 
destruction and the results from this provide a mean strength and Weibull modulus 
of the material. The results from this experiment are presented in this chapter.
8.2 Methodology
The experiment was carried out in accordance with ASTM C1239-07 which defines 
a loading rate of 0.1 mm m in'\ Two different sets of alumina samples were 
prepared and three different sets of silicon carbide samples. Each set comprised of 
at least 18 samples. Control and laser processed samples were prepared for 
alumina and silicon carbide. An additional set of refired silicon carbide samples 
were also prepared. The samples were first cut and then treated. The experiment 
setup is show in Figure 8-1. Samples were tested using an Instron 5500R machine 
and a 10 kN load cell.
Upper load contacts
Ceramic sample
Lower load contacts
Figure 8-1 A photograph o f the 4 point bending experiment setup.
The dimensions o f the alumina and silicon carbide samples are shown in Table 8-1.
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Table 8-1 The dimensions o f the samples and loads used for the 4-point bending test.
Sample Width,mm
Height,
mm
Length,
mm
Upper load 
width, mm
Lower load 
width, mm
Alumina 4.3 ±0.1 5.4 ±0.1 45.0 ±0.1 7.0 ±0.1 22.5 ±0.1
Silicon carbide 4.2 ±0.1 5.1 ±0.1 50.0 ±0.1 7.0 ±0.1 22.5 ±0.1
8.3 Surface Preparations
8.3.1 Control Sample
Alumina and silicon carbide control samples were used as the basis with which to 
compare the other surface preparation techniques. These were in the as-fired 
condition.
8.3.2 Air Kiln Refired Sample
Retired samples of silicon carbide were prepared using the same material as used 
for the control. The samples were retired in air at 1100° C for 1.5 hours to form an 
oxide layer on the entire surface. The temperature was fixed for the entire period of 
the firing and no controls on humidity or air flow were made. Following the firing, 
they were left to cool in air.
8.3.3 Laser Ablated Sample
A KrF (248 nm) ultra violet excimer laser was used to process both alumina and 
silicon carbide samples with the settings shown in Table 8-2.
Table 8-2 The laser settings used to process the alumina and silicon carbide samples.
Fluence, 
J cm 2
Heat 
Flux, 
MW m ^
Repetition 
Rate, Hz
Pulse
Width,
ns
Spot 
Size, mm
Traverse 
Speed, 
mm s'""
Overlap
3.2 32.0 100 25 I .Ox 1.0 1.7 50%
During mechanical testing the samples were orientated so that the processed 
surface was facing down, i.e. the face that would be placed into tension during 
bending. A diagram of the sample is shown in Figure 8-2. Prior to laser processing 
the samples were cleaned using a solvent wipe of methanol followed by isopropyl 
alcohol.
Tensile face
Figure 8-2 A diagram showing the laser processed surface.
H Lasertraverse
direction
8.4 Results
The results from the 4 point bending test are shown in Table 8-3. The main 
observation is that the mean strength after processing is broadly comparable to the 
strength of the control sample in all cases. Possibly, the alumina has a slightly more 
uniform but larger critical flaw size after laser treatment, as the strength decreases 
slightly but the weibull modulus increases whereas the reverse is observed for the 
silicon carbide. Failure of the ceramic is influenced by surface flaws, bulk flaws and 
density distribution of flaws (LoidI and Peterlik, 2001). The laser processing of
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silicon carbide reduced and closed fissures on the surface, in effect reducing 
surface crack numbers and size. This may have reduced the number of failures 
starting from surface flaws. This may have led to the observed bi-modal distribution 
in the laser processed samples. Retiring caused the formation of a glassy phase of 
silica on the surface of the sample. This reduced the size of fissure openings slightly 
in comparison to the control surface but not to the extent that laser processing did.
Table 8-3 The results from the 4 point bending o f alumina and silicon carbide samples.
Sample Mean Strength (MPa) Weibull Modulus
Control alumina 249 12
Laser processed alumina 234 16
Control silicon carbide 223 9
Retired silicon carbide 230 6
Laser processed silicon carbide 247 5, 42 (Bimodal)
The Weibull modulus was obtained from the plots shown in Figure 8-3 to Figure 8-7.
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Figure 8-3 Weibull plot o f the control alumina samples tested using 4 point bending.
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Figure 8-4 Weibull plot o f the laser processed alumina samples tested using 4 point bending.
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Figure 8-5 Weibull plot o f the control silicon carbide samples tested using 4 point bending.
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Figure 8-6 Weibull plot o f the refired silicon carbide samples tested using 4 point bending
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Figure 8-7 Weibull plot o f the laser processed silicon carbide samples tested using 4 point
bending.
8.5 Concluding Remarks
The strength of treated alumina and silicon carbide was assessed using the 4-point 
bending technique. It was found that the treatment had very little effect on the 
strength of the samples. The most interesting outcome is the bi-modal distribution of 
the laser treated silicon carbide samples and this may have resulted from a change 
in the failure locus of some of the samples. Laser processing was found to have 
reduced the number and size of surface flaws which is expected to have caused 
some of the samples to demonstrate greater strength.
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9 Ballistic Testing of Alumina and Silicon Carbide
9.1 Introduction
Ballistic testing was carried out to investigate the damage caused to the panels. 
Alumina and silicon carbide panels were tested to standardised agreement 
(STANAG) 4569 level IV and III respectively. Alumina panels were each tested 
against a single 14.5 mm bullet and the damage was then assessed to determine 
the size of the area from which the alumina tiles had debonded. Silicon carbide was 
assessed using four 7.62 mm bullets for each panel. The cumulative damage was 
then observed during the experiment. To confirm the locus of failure scanning 
electron microscopy was used to look at the surface of tiles and fragments from the 
panels to identify the presence of adhesive.
9.2 Methodology
A schematic of the panel is shown in Figure 9-1. The process of manufacturing this 
panel is detailed in Appendix A. This panel was then bonded to a 500 x 500 mm 
glass fibre panel (Figure 9-1). The glass fibre panel increases the backing thickness 
and its size means it can be mounted onto a frame during ballistic testing.
30.0 mm
2 1 0  mm
350 mm
Figure 9-1 A schematic diagram o f the panel showing the ceramic layer and backing.
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The thickness of the alumina panel was different from the silicon carbide panel. This 
reflects the different threats and also the different ballistic performance of the 
materials. Silicon carbide has greater ballistic performance than alumina on a mass 
basis. This means a silicon carbide system can be made lighter than an alumina 
system, however the cost of silicon carbide is considerably more than alumina. The 
thicknesses of the alumina panel and the silicon carbide panel are shown in Figure 
9-2.
3mm
3mm^ Toughened 
Epoxy
0^6 Kevlar®
3mm^ Toughened 
Epoxy
Alumina Silicon 8.0 carbide mm
Kevlar® ^ 0 Kevlar® ^ 0
E - Glass 25^ E .  Glass ^
fa) (b)
Figure 9-2 Schematic diagram showing the thickness o f the layers for (a) alumina panel and 
(b) silicon carbide panel.
The ballistic experiment was carried out at the Cranfield Defence and Security site 
in Shrivenham, Swindon. The test was carried out on the alumina panel using the 
requirements defined in STANAG 4569 level IV for kinetic energy projectiles. The 
projectile used was a 14.5 x 114 mm armour piercing incendiary with a hardened 
steel core, referred to as B32. The panel was clamped to a mount as shown in 
Figure 9-3. The bullet was targeted towards to the upper right corner of the panel in 
order to see how far the damage extends towards the opposing corner.
Impact location
Figure 9-3 A photograph o f the installed experiment panel with the impact location marked. 
The panel was attached to a stand by g-clamps.
For the silicon carbide panels the test was carried out using the requirements 
defined in STANAG 4569 level III for kinetic energy projectiles. This has been 
extended to test the multi-hit performance of the armour. The projectile used was 
7.62 X  51 mm armour piercing with a hardened steel core. Four projectiles were 
fired at the panel sequentially (Figure 9-4). The four shots will highlight the effect of 
the accumulation of damage to the panel after each impact. It will highlight if the 
performance reduces due to damage from the previous impact.
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Impact
locations
Figure 9-4 A photograph o f the installed experiment panel with the impact locations marked. 
The panel was attached to a stand by g-clamps.
The panels were positioned 10 m from the gun. The gun and targets are shown in 
Figure 9-5.
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Alumina panels 
STANAG 4669 level IV 
Single impact per pane
Silicon carbide paneis 
STANAG 4569 ievei III 
Four impacts per pane^
Target
m
Doppler-radar
Figure 9-5 Photographs o f the gun. Doppler-radar, alumina (top) and silicon carbide (bottom) 
targets before firing (left) ana curing firing (right).
A number of panels with different ceramics, functionalisations and projectiles were 
ballistically tested. The details of these are summarised in Table 9-1.
Tabie 9-1 Summary o f the panels and projectiles used in the ballistic testing.
Ceramic Functionalisation Backing STANAG 4569 ievei
Number of 
shots into 
one panel
96 wt.% AI2O3 Control Kevlar®/E-Glass IV 1
96 wt.% AI2O3 Laser Kevlar®/E-Glass IV 1
99 wt.% AI2O3 Control Kevlar®/E-Glass IV 1
99 wt.% AI2 O3 Laser Kevlar®/E-Glass IV 1
SiC Control Kevlar®/E-Glass III 4
SiC Refired Kevlar®/E-Glass III 4
SiC Laser Kevlar®/E-Glass III 4
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The velocity of the projectile was measured using a computer based radar system 
that tracks the projectile as it travels down the range. Light meters were unsuitable 
because the flash of the gun was too great when using this projectile. The velocities 
measured are shown in Table 9-2.
Table 9-2 The velocities o f the projectiles used for each experiment.
Panel Velocity (m s'^) Energy (kJ)
Control alumina 96 wt.% 880 24.8
Control alumina 99 wt.% 878 24.7
Processed alumina 96 wt.% 910 26.5
Processed alumina 99 wt.% 911 26.6
The velocities measured during the silicon carbide experiment are shown in Table 
9-3.
Table 9-3 The measured velocities o f the projectiles for each ballistic experiment.
Shot 1 Shot 2 Shot 3 Shot 4
Panel Velocity (m s"*)
Energy
(kJ)
Velocity 
(m s’ )^
Energy
(kJ)
Veiocity 
(m s"*)
Energy
(kJ)
Velocity 
(m s"*)
Energy
(kJ)
Control
silicon
carbide
811 3.13 818 3.19 807 3.10 824 3.24
Refired
silicon
carbide
807 3.10 807 3.10 826 3.25 832 3.30
Processed
silicon
carbide
796 3.02 822 3.22 802 3.06 818 3.19
9.3 Analysis of the Results from the Alumina Ballistic Tests
The results of the ballistic tests are shown in Figure 9-6 to Figure 9-9.
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Control alumina 96 wt.%
(a)
(b)
Control alumina 99 wt.%
(c)
Figure 9-6 Photographs showing the post 
impacted control 96 wt.% alumina panel (a) and 
(b) and a schematic diagram showing the 
debonded tiles in red (c).
Following the impact with the projectile the 
panel was inspected for damage. The 
alumina tiles, Kevlar® front and backing 
material were damaged at the impact location 
and immediately surrounding (Figure 9-6). 
The remaining tiles in the panel had 
debonded. The damaged area is shown in 
Figure 9-6 (c).
Figure 9-7 Photographs showing the post 
impacted control 99 wt. % alumina panel (a) and 
(b) and a schematic diagram showing the 
debonded tiles in red (c).
Following the ballistic test of the control 
alumina 99 wt.% panel the results were 
similar to that of the 96 wt.% panel (Figure 
9-7). All the tiles were debonded. The 
damaged area is shown in Figure 9-7 (c).
Laser processed alumina 96 wt.%
(b)
(c)
Figure 9-8 Photographs showing the post 
impacted laser processed 96 wt.% alumina panel 
(a) and (b) and a schematic diagram showing the 
debonded tiles in red (c).
Inspection of the processed alumina 96 wt.% 
panel determined that the impacted tile and 
the tile immediately next to it had debonded 
(Figure 9-8). Beyond this area the tiles 
remained attached to each other and the 
backing. The damaged area is shown in 
Figure 9-8 (c). The tiles appeared to have 
little or no damage.
Laser processed alumina 99 wt.%
$
(a)
(b)
(C)
Figure 9-9 Photographs showing the post 
impacted laser processed 99 wt. % alumina panel 
(a) and (b) and a schematic diagram showing the 
debonded tiles in red (c).
The processed alumina 99 wt.% panel was 
inspected for damage. The damaged area 
appeared slightly smaller than the processed 
96 wt.% panel (Figure 9-9). The impacted tile 
and tiles immediately next to it were 
debonded from the backing. The tile next to 
the impacted tile appeared intact looking 
down onto it but it had fractured at an angle 
towards the bottom of the tile (Figure 9-9 (b)). 
The damaged area is shown in Figure 9-9 (c).
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Control alumina 99 wt.% Laser processed alumina 96 wt.% Laser processed alumina 99 wt.%
Figure 9-10 A photograph o f a tile from the control 
96 wt.% alumina panel post ballistic testing.
It appeared from a visual inspection of the 
tiles that there was no adhesive bonded to 
them (Figure 9-10). This suggests the failure 
was interfacial between the adhesive and 
ceramic.
60 pm
Figure 9-11 A micrograph showing the control 96 
wt. % alumina tile surface post ballistic testing.
The surface of the 96 wt.% AI2 O3 sample was 
analysed using SEM to determine the locus of 
failure of the adhesive joint. The samples had 
exposed grains which show there is no 
adhesive attached to the surface (Figure 
9-11). This confirms that the locus of failure 
was at the interface between the adhesive 
and the adherend.
Figure 9-12 A photograph o f a tile from the control 
99 wt. % alumina panel post ballistic testing.
A visual inspection was carried out on the 
tiles and the tiles appeared to have no 
adhesive attached to the surface (Figure 
9-12). This suggests the failure was 
interfacial.
100 pm
Figure 9-13 A micrograph showing the control 99 
wt. % alumina tile surface post ballistic testing.
The control 99 wt.% AI2 O3 sample surface 
had exposed grains which show there is no 
adhesive attached to the surface (Figure 
9-13). The locus of failure was at the interface 
between the adhesive and the adherend.
Processed
surface
Figure 9-14 A photograph o f a tile from the 
processed 96 wt. % alumina panel post ballistic 
testing.
The debonded tiles all had adhesive covering 
the entire laser processed surface (Figure 
9-14). Some of the tiles had fibres from the 
backing material attached as well.
1 mm
Figure 9-15 A micrograph showing the processed  
96 wt. % alumina tile surface post ballistic testing.
The laser processed 96 wt.% AI2 O3  sample 
surface had no exposed grains. Instead the 
surface was covered with adhesive and fibres 
from the backing (Figure 9-15). The locus of 
failure was within the backing, demonstrating 
the strength of the interface was greater.
Processed surface
Figure 9-16 A photograph o f a tile from the 
processed 99 wt. % alumina panel post ballistic 
testing.
All the debonded tiles had adhesive attached 
to the entire laser processed surface (Figure 
9-16).
200 pm
Figure 9-17 A m icrograph show ing the processed  
99 wt. % alum ina tile surface post ballistic testing.
The laser processed 99 wt.% AI2 O 3  sample 
surface had no exposed grains. The surface 
was covered with adhesive and fibres from 
the backing (Figure 9-17). The locus of failure 
was within the backing, demonstrating the 
strength of the interface was greater.
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9.4 Analysis of the Results from the Silicon Carbide Ballistic 
Tests
The results of the ballistic tests are shown in Figure 9-18 to Figure 9-20.
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Control silicon carbide
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Figure 9-18 Photographs o f the four impacts into the control silicon 
carbide panel.
Following each impact with the projectile the panel was 
inspected for damage. The silicon carbide tiles, Kevlar® front 
and backing material were damaged at the impact location and 
immediately surrounding (Figure 9-18). Applying pressure by 
hand to the panel showed that the panel had sustained further 
damage than that shown in the photographs. The panel felt 
flexible. The second shot was successfully stopped and the 
entire panel had greater flexibility. The third shot was stopped 
but the diameter of the hole was small in comparison to the 
previous impacts. This suggests that the silicon carbide layer 
was not intact. The fourth shot went straight through the panel.
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Refired silicon carbide 
Back
Figure 9-19 Photographs o f the four impacts into the refired silicon 
carbide panel.
Following the ballistic test of the retired silicon carbide panel the 
results were similar to that of the control panel (Figure 9-19). 
After each shot the panel became increasingly flexible. The 
third shot also did not interact with the ceramic layer as much 
as it did for the first two shots. This indicated the armour was 
internally damaged in the area of the third shot prior to the 
impact because of the cumulative damage from the first and 
second shot. The fourth shot penetrated through and out the 
back of the panel.
Laser processed silicon carbide 
Front Back
è.
Figure 9-20 Photographs o f the four impacts into the laser processed 
silicon carbide panel.
Inspection of the processed panel determined that after the first 
shot the impact location and immediate surrounding area was 
damaged (Figure 9-20). Applying pressure by hand to the panel 
showed the panel was still stiff as it was before the ballistic test 
which suggests that it is intact. After each shot the panel was 
inspected and after the fourth shot it became slightly flexible in 
the centre area between the shots. The panel stopped all four 
bullets and inspection of the rear face showed no obvious 
increase in displacement between each shot. This suggests the 
ballistic performance did not change during the experiment. All 
four shots showed similar damage to the front which 
demonstrates the cumulative damage was less indicating the 
armour was more durable.
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The control SIC sample surface was 
analysed using SEM to determine the 
locus of failure of the adhesive joint. 
The samples had exposed grains 
which show there was no adhesive 
attached to the surface (Figure 9-21). 
The locus of failure was at the 
interface between the adhesive and 
the adherend.
The retired SiC sample surface had 
exposed grains which show there is 
no adhesive attached to the surface 
(Figure 9-22). The locus of failure was 
at the interface between the adhesive 
and the adherend.
The laser processed SIC sample 
surface had no exposed grains. As 
was found with the laser processed 
alumina samples, the silicon carbide 
surface was covered with adhesive 
and fibres from the backing (Figure 
9-23). The locus of failure was within 
the backing, demonstrating the 
strength at the interface was greater 
than the adhesive and backing.
Figure 9-21 A micrograph showing the 
control silicon carbide tile surface post 
ballistic testing.
m m m m
60 pm
Figure 9-22 A micrograph showing the 
refired silicon carbide tile surface post 
ballistic testing.
Figure 9-23 A micrograph showing the 
processed silicon carbide tile surface post 
ballistic testing.
151
-Chapter 9-
Ballistic Testing of Alumina and Silicon Carbide
9.5 Concluding Remarks
Ballistic testing of alumina and silicon carbide panels was carried out. The benefits 
predicted on the basis of the quasi-static tests have indeed been realised in the 
ballistic testing. The laser processed samples demonstrated an improvement of the 
ballistic performance. For alumina, the 96 wt.% and 99 wt.% AI2 O3  laser processed 
samples had less damage following the ballistic impact in comparison to the as-fired 
samples. The silicon carbide panels were tested against four shots and the laser 
processed samples were able to stop all four bullets and the panel was much stiffer 
than the control and refired panels after each impact. The control and refired panels 
demonstrated similar performance and did not stop all the bullets.
Further analysis of the ceramic material after the ballistic impact was carried out. 
The tiles and fragments removed from the panels during the ballistic impact were 
analysed using scanning electron microscopy. It was found that the alumina and 
silicon carbide laser processed samples had adhesive and fibres on them. The 
control and refired samples had exposed grains on the surface demonstrating an 
interfacial failure. The processing seems to work for both alumina and silicon 
carbide this increasing confidence in its more general applicability.
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10 Concluding Remarks
10.1 Introduction
This chapter brings together the major points to conclude the thesis. It is in two 
parts. Firstly, the conclusions from the current work will be presented and then ideas 
for continuing work will be given.
10.2 Concluding Remarks
The aim of the present study was to investigate the possibility of surface treating 
ceramics, specifically alumina and silicon carbide, with a view to improving the bond 
strength of joints made from these materials bonded with an epoxy adhesive. The 
initial literature review discussed armoured vehicles, armour and adhesive bonding 
of armour systems. From this a number of surface treatments were identified for 
treating alumina and silicon carbide. The first phase of the programme was carried 
out using alumina and the effects of grit blasting and laser treatments on the surface 
were characterised. Both techniques were found to cause physical changes to the 
surface. Grit blasting caused damage to the samples and removed grains resulting 
in a rougher surface. The laser processed samples showed that the temperatures 
reached during processing were sufficiently high to melt the surface. It was also 
observed during the processing that a plasma formed which demonstrates 
vaporisation of the surface. A red colour was noted in the plasma which indicates 
the removal of calcium from the sample. Chemical analysis of the samples indicated 
that the grit blasted surface had a significant amount of contamination. The laser 
processing of the samples resulted in chemical changes in comparison to the 
control. The minor elements such as Mg, Si, Ca and Na had reduced in 
concentration. These elements are expected to be concentrated in the grain 
boundary “glassy phase” material and it is expected that the laser energy would be 
initially absorbed here because the grains are transparent to the KrF laser of 
wavelength 248 nm. It was found also that the concentration of hydroxyl groups on 
the surface of the laser processed sample had increased significantly from that 
measured on the control sample. The hydroxyl groups are sites that can form a 
hydrogen bond to the epoxy adhesive. They also suggest that the surface energy of 
the sample has increased. The surface energy has a strong influence on the 
wettability of the surface and so a wettability study was carried out. It was found that 
the contamination on the grit blasted surface had reduced the wettability in 
comparison to that observed in the control sample. For the laser processed sample 
a contact angle of 14.5° was measured in comparison to the control were an angle 
of 45° was measured using distilled water. It was found that the surface energy had 
also increased. Looking at the polar and dispersive components of the surface 
energy it was found that the polar component contributed more to the total surface 
energy and this was attributed to the hydroxyl groups. On this basis it was 
hypothesised that the laser processed surface would demonstrate an improvement 
in the adhesive bond strength. To assess this, tensile butt joints and double lap 
shear joints were tested. It was found that the strength of the laser processed joints 
improved over the control joints, while the grit blasted joints demonstrated the 
lowest strength. It was expected that the contamination of the grit blasted surfaces 
during processing was the main reason that these joints demonstrated the lowest 
strength. Finite element models of the laser processed joints were prepared to
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determine the location of the peak stress concentration and hence to identify the 
likely failure locus of the joint. Not surprisingly, it was found that the stress was 
concentrated towards the edge of the joints and areas of peak stress were 
identified. The results from the mechanical testing were plotted against the 
measured wettability and surface energies of each treated surface. It was found that 
as the wettability increased the strength of the joints increased. Further, the 
observed bond strength correlated with the polar surface energy component. This 
suggests that the hydroxyl groups were the main contributor to the improved 
adhesive bond strength observed for the laser processed samples. Further analysis 
of the failed adhesive joints found that the laser processed surfaces had a cohesive 
failure, whereby the adhesive fails preferentially to the interface. The control and grit 
blasted samples demonstrated interfacial failures.
Following on from the alumina, a similar set of experiments was carried out using 
silicon carbide. Silicon carbide was retired rather than grit blasting because it was 
expected that this technique would oxidise the surface. Laser processing was again 
carried out, this time using a number of laser parameters in order to determine how 
these affect the chemical changes observed using x-ray photoelectron 
spectroscopy.
Retiring and laser processing caused physical changes to the surface. The 
morphology of the surfaces changed and a “glassy phase” material was observed. 
The change observed for the laser processed surfaces was dependent on the laser 
parameters used. The higher energy parameters demonstrated greater changes 
where more “glassy phase” material was found. The “glassy phase” material was 
expected to be as a result of the surface being melted. During laser processing a 
plasma was observed which suggests that the temperatures were great enough to 
vaporise the surface. The physical changes resulted in a slightly higher roughness 
for refired and laser processed surfaces. The most important finding from the 
processing of alumina was that chemical changes had occurred and that these were 
related to the strength observed in mechanical testing. A chemical analysis of the 
silicon carbide samples found that refiring and laser processing had oxidised the 
surface. It was noted that the laser processed surfaces had a greater concentration 
of hydroxyl groups in comparison to the control and refired samples. A wettability 
study was carried out and it was found that the laser processed surface had a 
contact angle of 10° in comparison to the control which had a contact angle of 84°. 
The surface energy was also measured and it was found that the polar component 
increased greatly after refiring and even more so after laser processing. This was 
related to the oxidisation of the silicon carbide samples and also to the presence of 
the hydroxyl groups that formed on the laser processed sample. Mechanical testing 
of tensile butt joints and double lap shear joints demonstrated an improved strength 
over that observed for the control. The laser processed joints showed the greatest 
improvement in strength. When the strength was plotted with the surface energy 
components it was found that there was a trend with the polar component which is 
associated with acid-base interactions with the oxygen and hydrogen atoms on the 
sample surface that lead to the formation of hydrogen bonds. Further analysis of the 
joints using scanning electron microscopy found that the laser processed joints in 
tension had failed cohesively. The control and refired joints had failed interfacially.
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In shear the control had also failed at the interface. The shear test of the refired and 
laser processed samples showed a cohesive failure but instead the locus was in the 
ceramic layer. This suggested that there was a stress concentration in the joint that 
was causing the ceramic to fail. A finite element model was analysed to determine 
the stress distribution across this joint. It was found that the greater load that the 
refired and laser processed joints were achieving was resulting in a tensile stress 
concentration within the ceramic that led to the failure of the joint. This is a 
disadvantage of using this joint geometry to measure shear and an alternative joint 
geometry may show the difference between the refired and laser processed joint 
strengths. As was observed with the alumina samples, the main contributor to the 
strength for the laser processed silicon carbide was the formation of hydroxyl 
groups and thus the improvement of the surface energy. In particular, the polar 
component of surface energy was found to influence the strength to a greater 
extent.
In order to measure the effects of laser processing parameters on the formation of 
oxide and hydroxyl groups on the surface of silicon carbide a number of laser 
settings were used. The chemical changes were characterised for each prepared 
sample. The oxide and hydroxyl concentration were then plotted against the total 
energy supplied to per area on the sample surface. This showed a trend which 
highlighted that the energy supplied per unit area was the overall controlling 
parameter for the laser processing. Thus, the process can be scaled, for example 
by increasing the pulse energy and increasing the spot size and traverse speed.
A significant change to the surface was observed for the refired and laser treated 
surfaces in the SEM micrographs. In order to assess the effect of this on the 
strength of the ceramic a 4-point bending test was carried out. It was found that 
there was very little change in the strength of the samples. It was found that the 
laser processed silicon carbide samples demonstrated a bi-modal distribution which 
suggests that the failure for some of the samples was caused by a different 
mechanism. Typically, the strength of the ceramic is influenced by the surface flaw 
size, density and bulk flaws. Laser processing closed and reduced the size and 
number of flaws on the surface which may have resulted in the observed strength 
distribution.
Ballistic testing of alumina and silicon carbide panels were undertaken using the 
STANAG 4569 requirements for level III and IV. The alumina panel was tested 
against the level IV, 14.5 mm API projectile. 96 wt.% and 99 wt.% AI2 O3  panels 
were tested. It was found that the impact to the control panels led to failure of the 
entire bond line at the interface between the ceramic tiles and the adhesive. The 
laser processed panels sustained a much smaller area of damage and the bond line 
remained intact for the majority of the panel. The tiles that had debonded were 
found to have failed cohesively in the adhesive and backing composite material. It 
was observed from scanning electron microscopy that the laser processed samples 
had adhesive attached to the surface and there were fibres from the backing also 
found.
The silicon carbide panels were tested to level III, 7.62 mm armour piercing (AP) 
projectile. The test was carried out four times per panel. A control, refired and laser
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processed panel was tested. The tests on the control and retired panel showed a 
similar outcome. The first two impacts were stopped and the final two showed 
differences in the impact response. The third shot was stopped in the backing 
material but little damage was observed on the surface of the armour which 
suggests the bullet energy was not transferred as much on the surface. The fourth 
shot penetrated the entire panel and exited the rear of the panel. The laser 
processed panel stopped all four impacts and it was observed that all four impacts 
caused a similar amount of damage to the entry surface of the panel. It was further 
observed that during the testing the control and refired panels had sustained 
sufficient damage to reduce the local stiffness of the panel when the panel was 
assessed manually. Each impact resulted in further reductions in the stiffness. On 
the other hand, the laser processed panel remained stiff throughout the experiment. 
Scanning electron microscopy was used to make observations of the failure locus of 
the ceramic material. As was observed with alumina, the control silicon carbide 
demonstrated a failure of the interface. The refired samples also demonstrated an 
interfacial failure. The laser processed samples were found to have adhesive and 
fibres from the backing on the surface which shows that the failure was cohesive. 
Consequently it can be said that the results from the quasi-static mechanical testing 
have been translated into improvements in the ballistic tests and hence there is a 
degree of confidence that this approach can be applied more widely.
10.3 Conclusions
1. Grit blasting of alumina may have resulted in reduced adhesive bond 
strength due to contamination introduced during processing.
2. Refiring of silicon carbide in air has oxidised the sample surface and as a 
result the wettability improved. This led to improved adhesive bond strength.
3. Laser processing of alumina caused morphological and chemical changes to 
the surface. An increase in the concentration of hydroxyl groups were 
observed on the surface. These were linked to an observed improvement in 
wettability, surface energy and adhesive bond strength. The adhesive joints 
exhibited a cohesive failure within the adhesive in tension.
4. The parameters controlling the amount of energy supplied to the sample 
surface from the laser have been linked to the concentration of the oxide and 
hydroxyl groups on the silicon carbide surface.
5. Silicon carbide after laser processing also exhibited changes to the 
morphology and further changes to the chemistry of the surface. The sample 
was oxidised by the laser and also formed hydroxyl groups. These were also 
linked to improved wettability, surface energy and adhesive bond strength.
6. Ballistic testing of alumina and silicon carbide panels demonstrated a 
difference in the observed damage after the projectile impact. It was found 
the panels with laser processed tiles sustained less damage.
7. Samples from the post impacted panels showed the laser processed 
ceramic pieces were covered in adhesive and also had fibres within this 
layer. No adhesive layer was observed on the control and refired samples.
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10.4 Recommendations
Although these initial results are very promising it would be beneficial to test the 
materials against a wider range of threats. If these results are also successful then it 
would be necessary to scale up the process by increasing the processing speed. 
This can be achieved by testing more laser parameters based on the total energy 
supplied per area with the aim of maintaining or increasing the hydroxyl group 
concentration. Further development using lasers at greater wavelengths than a KrF 
laser may result in further reduction in cost because these lasers are cheaper and 
can process faster. A DPSS Nd;YAG laser can operate at a wavelength of 266 to 
1064 nm. At higher wavelengths the parameters for processing are the fastest 
however the effect of this laser on the surface of the ceramic would need to be 
assessed. A greater wavelength can result in less energy being absorbed at the 
surface and more being absorbed in the bulk.
Boron carbide is a material that may have greater use in armour on vehicles and so 
processing this material using a laser would be recommended. This material is a 
non-oxide ceramic like silicon carbide. The process for developing the laser 
processing of silicon carbide was based on that of alumina. The laser processing 
caused an additional change to the chemical composition by oxidising the surface. 
Using the results from the silicon carbide as a basis for the development of laser 
processing boron carbide it may be predicted that it would be oxidised at the 
surface. If hydroxyl groups can also be formed then the adhesive bond strength to 
boron carbide may be improved. The laser parameters to achieve this may be 
different from those used for silicon carbide. This will be determined by any 
thermally related damage to the surface and the desired hydroxyl group 
concentration if they are present.
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A1 Vacuum Assisted Resin Infusion Moulding Process 
A1.1 Introduction
This chapter describes the method of manufacturing the panels used in the ballistic 
testing.
A1.2 Method
In order to control the bond line thickness between the ceramic and backing an 
open weave glass fibre mesh material with 0.65 mm thickness was used. The 
opening between the fibres was 4.2 x 4.2 mm. The mesh is shown in Figure A1.1. 
This material was positioned between the Kevlar® backing and ceramic tiles.
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Figure A 1 .1 The glass fibre mesh material used to control the bond line thickness between 
the alumina and Kevlar®.
The vacuum assisted resin infusion moulding technique was used to manufacture 
the panels. The steps were carried out as follows:
1. A flat plate covered with tool release was used to place all the materials 
upon (Figure A1.2).
2. A tool release coated aluminium picture frame to hold the ceramic tiles in 
place during infusion was prepared (Figure A1.3).
3. The flat plate was placed on a vacuum bag. Then the following items were 
placed on top of the plate, flow mesh materials and then 10 layers of plain 
weave Kevlar® (Figure A1.4).
4. Placed on top of this was a layer of open weave glass fibre mesh (Figure 
A1.5).
5. On top of this the tiles were arranged to create a square area (Figure A1.6).
6. 3 layers of Kevlar® were placed on top of the tiles (Figure A1.7).
7. Flow mesh material was placed on top and then the picture frame was 
placed on top of this to hold the tiles in place (Figure A1.8).
8. The inlet was installed on one side (including spiral wrap) and then the outlet 
was installed on the opposing side. 30 cm was left between the edge of the
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panel and the outlet start and an absorbent material was used near the 
outlet to soak up excess resin.
9. The vacuum bag was sealed and then the outlet was connected to the 
vacuum via a catch pot.
10. The inlet pipe was sealed and then the vacuum pump was started. Any leaks 
were checked for at this stage.
11. The resin was mixed and the inlet pipe was inserted into the resin and then 
the seal was released.
12. Resin was infused until the entire panel appeared wet and no air bubbles 
were flowing out of wet areas (Figure A1.9). The panel was left under 
vacuum.
13. The panel was cured at room temperature for 6 hours (still under vacuum). 
Then the panel was separated from the consumable equipment used for the 
infusion process and placed in an autoclave at 80° C for 4 hours and then 
120° C for 4 hours.
14. The aluminium picture frame was then removed and the Kevlar® backing 
was then bonded to a larger glass fibre panel.
*
Figure A1.2 A tool release coated flat plate
Figure A1.3 A tool release coated aluminium picture frame.
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Figure A1.4 Vacuum bag, flow mesh and backing layer o f Keviar materials in position
Figure A1.5 Open weave glass fibre mesh placed upon the Kevlar .
fi'.
Figure A1.6 Alumina tiles placed on the open weave mesh.
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Figure A1.7 The top layer o f Kevlar was positioned on top o f the ceramic tiles.
lMr>
i l
Figure A1.8 Flow mesh material was positioned on top o f the Kevlar'" and then the picture 
frame went around this to hold the tiles in place.
Figure A1.9 Epoxy was infused through the composite and around the tiles.
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